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ABSTRACT 

Mantle cell lymphoma (MCL) is an aggressive subtype of non-Hodgkin lymphomas 

associated with poor prognosis and frequent relapses. Recently, the neuronal 

transcription factor SOX11 has been identified as a very specific biomarker for MCL. 

SOX11 is constantly overexpressed in virtually all aggressive MCLs, and at lower 

levels in a subgroup of Burkitt lymphoma and acute lymphoblastic leukemia but not in 

other lymphoid neoplasms. 

SOX11 was found exclusively overexpressed in conventional MCL and totally absent in 

normal lymphoid cells or in MCL patients with indolent clinical course and prolonged 

survival. Although SOX11 function and potential target genes in lymphoid cells are 

poorly known, the highly specific expression in aggressive MCL suggests that it may be 

an important element in the development and progression of this tumor. 

Two publications resulted from our studies and compose this thesis.  

In paper I, we have studied the molecular mechanisms leading to the aberrant 

expression of SOX11 in aggressive MCL.  

MCL is one of the lymphoid neoplasms with highest number of genetic aberrations but 

none involving the SOX11 genomic region at chromosome 2p25. As no chromosomal 

changes affecting SOX11 locus were identified in MCL, we hypothesized that 

epigenetic events could lead to SOX11 aberrant overexpression. We performed a 

comprehensive SOX11 gene expression and epigenetic studies. We observed that 

SOX11 expression was associated with unmehtylated DNA and presence of activating 

histone marks (H3K9/14Ac and H3K4me3) in embryonic stem cells and some 

aggressive B-cell neoplasms, including MCL. Conversely, the loss of SOX11 

expression in adult stem cells, normal hematopoietic cells and other lymphoid 

neoplasms was associated with the presence of silencing histone marks H3K9me2 and 

H3K27me3 with or without simultaneous DNA methylation. We concluded that the 

pathogenic role of SOX11 is associated with its de novo expression in some aggressive 

lymphoid malignancies, which is mediated by a shift from inactivating to activating 

histone modifications. 

In paper II, we have focused on uncovering putative biological functions of SOX11 in 

aggressive MCL. Using chromatin immunoprecipitation microarray analysis combined 

with gene expression profiling upon SOX11 knockdown, we identified target genes and 
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transcriptional programs regulated by SOX11 including the block of mature B-cell 

differentiation, modulation of cell cycle, apoptosis, and stem cell development. PAX5 

stood out as one of the major SOX11 direct target genes.  

SOX11 silencing downregulates PAX5, induces BLIMP1 expression, and promotes the 

shift from a mature B-cell into the initial plasmacytic differentiation phenotype in both 

MCL primary tumor cells and an in vitro model. Our results suggested that SOX11 

contributes to tumor development by altering the terminal B-cell differentiation 

program of MCL cells.  

Moreover, we have demonstrated the tumorigenic ability of SOX11 in vivo, using a 

xenotransplant model of MCL in CB17-SCID mice. The significant reduction on tumor 

growth of the SOX11-silenced cells compared to the growth of control MCL cells in the 

xenograft experiments highlighted the implication of SOX11 expression in the 

aggressive behavior of this lymphoma. 

Overall our results demonstrated that SOX11 can act as oncogene in MCL.  
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RESUMEN 

El linfoma de células del manto (LCM) es un subtipo agresivo de linfoma non Hodgkin 

asociado a un mal pronóstico y recaídas frecuentes. Recientemente, el factor de 

transcripción neuronal SOX11 se ha identificado como un marcador muy específico de 

LCM. SOX11 se encuentra sobreexpresado constantemente en todos los LCM agresivos 

y en niveles más bajos en un subgrupo de Burkitt linfoma (BL) y leucemia linfoblástica 

aguda (LLA) aunque no en otros neoplasmas linfoides. 

SOX11 se encontró exclusivamente sobreexpresado en LMC convencionales y 

totalmente ausente en células linfoides normales o en pacientes LMC con un curso 

clínico indolente y una supervivencia prolongada. 

Aunque la función de SOX11 y sus genes potenciales dianas aún se desconocen, su 

elevada expresión específica en LCM sugiere que puede ser un elemento importante en 

la progresión y desarrollo de este tumor. 

Se han obtenidos dos publicaciones de los estudios que componen esta tesis. En el 

primer artículo hemos estudiado los mecanismos moleculares responsables de la 

expresión aberrante de SOX11 en LCM agresivo.  

El artículo I proporciona una caracterización exhaustiva de los mecanismos epigenéticos 

que conducen a la desregulación de SOX11 en estas neoplasias linfoides.  

En general se observó una significativa correlación inversa entre la metilación del 

promotor de SOX11 y la expresión de dicho gen. Sin embargo, en muchas muestras 

(células madre embrionarias, ESC, o adultas, células B normales y algunos LCM 

indolentes, leucemia linfática crónica y linfoma folicular) la expresión de SOX11 se vió 

reprimida a pesar de su estado no metilado. Estos hallazgos nos sugieren que la 

expresión de SOX11 no depende exclusivamente del estado de metilación del ADN del 

gen y nos llevó a estudiar mecanismos epigenéticos alternativos.  

Hemos observado que la expresión de SOX11 se asocia con la presencia de marcas de 

activación de las histonas (H3K9/14Ac y H3K4me3) en las células madre embrionarias 

y algunas neoplasias de células B agresivas. Por el contrario, en las muestras que no 

expresan SOX11, incluidas las células madre adultas, las células hematopoyéticas 

normales y diversas neoplasias linfoides, se observó que el promotor de SOX11 

mostraba un enriquecimiento en las marcas de silenciamiento H3K9me2 y H3K27me3. 

El silenciamiento de SOX11 en líneas celulares fue revertido por el inhibidor de la 
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histona deacetilasa (SAHA) pero no por el inhibidor de la ADN metiltransferasa (AZA). 

Estos datos indican que, como SOX11 no se expresa en las células linfoides normales, 

no metiladas, lo más probable es que la hipermetilación del ADN en algunos tumores 

sin expresión de SOX11 sea funcionalmente inerte, y podría estar asociada con la 

reducción de la plasticidad epigenética en células tumorales. También observamos que 

la expresión de novo de SOX11 se asocia con las neoplasias linfoides agresivas como el 

LCM, algunos subtipos de B-LLA y algunos casos de BL siendo este efecto mediado 

por un “switch” entre inactivación y activación de las modificaciones de las histonas.  

Además, como SOX11 se expresa fuertemente en las ESC, los datos sugieren que la 

expresión de SOX11 podría estar asociada con la adquisición de características de la 

cromatina similares a la de las células madre. 

En el artículo II nos hemos centrado en identificar las posibles funciones biológicas de 

SOX11 en LCM. Combinando análisis de microarray de immunopecipitación de 

cromatina y perfil de expresión diferencial después de silenciar SOX11, hemos 

identificado genes dianas y programas transcriptionales regulados por SOX11, 

incluyendo el bloqueo de la diferenciación de la célula B madura, la modulación de 

ciclo celular, apoptosis y desarrollo de célula madre. 

PAX5 destacó como uno de los genes diana directos de SOX11 más significativo. El 

silenciamiento de SOX11 downregula PAX5, induce la expresión de BLIMP1 y 

promueve el cambio de fenotipo de célula B madura a la diferenciación inicial 

plasmacítica, tanto en células tumorales primarias de LCM como en un modelo en vitro. 

Nuestros resultados sugieren que SOX11 contribuye al desarrollo tumoral mediante la 

modulación del programa de diferenciación terminal de célula B en LCM. 

Además, hemos demostrado la habilidad tumorigénica de SOX11 en vivo mediante un 

modelo de xenotrasplante de LCM en ratones CB17-SCID. 

La reducción significativa del crecimiento tumoral de las células con expresión de 

SOX11 silenciada comparada con el crecimiento de células de LCM con elevados 

niveles de expresión de SOX11 de los xenotrasplantes, demuestra la implicación de la 

expresión de SOX11 en el comportamiento agresivo de este linfoma.  

En conclusión, nuestros resultados demuestran que SOX11 puede actuar como oncogén 

en LCM. 
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1. INTRODUTION 

MCL is an aggressive subtype of non-Hodgkin lymphoma (NHL) characterized by the 

hallmark translocation t(11;14)(q13;12) driving the overexpression of cyclin D1 

(CCND1) and by frequent additional cytogenetic alterations (Swerdlow et al., 2008).  

MCL is one of the most aggressive lymphoid neoplasms associated with poor prognosis. 

However, recent studies have identified a distinct clinical group of t(11;14)(q13;12)-

positive MCL patients that show an indolent clinical course and prolonged survival 

(Orchard et al., 2003; Fernandez et al., 2010).  

Contrary to conventional MCLs (cMCL), these indolent MCLs (iMCL) have very stable 

karyotypes with virtually no chromosomal alterations other than the classical t(11;14), 

they frequently carry hypermutated immunoglobulin genes and frequently have a 

leukemic non-nodal MCL clinical presentation (Orchard et al., 2003; Fernandez et al., 

2010; Ondrejka et al., 2011). In contrast with the high levels of expression of SOX11 in 

classic MCL, SOX11 is not expressed in iMCLs, lymphoid progenitors and mature B-

cells (Fernandez et al., 2010; Royo et al., 2012; Navarro et al., 2012). These findings 

suggest that SOX11 plays a relevant role in the pathogenesis of these tumors. However, 

the function of SOX11 and its potential target genes in lymphoid cells remain unknown. 

This thesis focuses on the putative role of SOX11 in the pathogenesis and 

aggressiveness of MCL, deciphering its function to uncover basic mechanisms 

underlying the complex biology of this aggressive tumor.  

1.1. B-cell lymphomas 

1.1.1. B-cell differentiation process and function 

The lymphoid system is traditionally divided into primary and secondary lymphoid 

tissues. Primary lymphoid tissues are the tissues in which lymphocytes are generated 

and differentiate into mature naive lymphocytes: these are the bone marrow for B-cells, 

and the bone marrow and the thymus for T cells. Mature B-cells migrate to secondary 

lymphoid tissues which include blood, spleen, lymph node and mucosa associated 

lymphoid tissue (MALT). 

B-cell development is a multistep process that encompasses a continuum of stages that 

begin in primary lymphoid tissue, with subsequent functional maturation in secondary 
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lymphoid tissue. The functional end point is antibody production by terminally 

differentiated plasma cells (LeBien and Tedder, 2008).  

Hematopoietic stem cells (HSCs), located in the bone marrow, give rise to mature B-

cells through the sequential differentiation of lymphoid progenitor cells. Long-term 

HSCs (LT-HSCs) have the ability to self-renewal and reconstitute the entire immune 

system by differentiating into short-term HSCs (ST-HSCs). ST-HSCs differentiate into 

multipotential progenitors (MPPs) which is at the bifurcation between the myeloid and 

lymphoid lineages: MPPs can differentiate into common myeloid progenitors (CMPs) 

and or into early lymphoid progenitors (ELPs) (Medina et al., 2001). CMPs further 

differentiate into erythrocytes and megakaryocytes (Adolfsson et al., 2005), whereas 

ELPs can branch into thymic precursors of the T-cell lineage (early T-cell-lineage 

progenitors, ETPs) (Allman et al., 2003) or into bone-marrow common lymphoid 

progenitors (CLPs), which are lymphoid restricted and can generate B-cells, T-cells, 

dendritic cells (DC) and natural killer (NK) cells (Figure 1) (Matthias and Rolink, 

2005). 

 

Figure 1. Development of haematopoietic stem cells. HSCs can be subdivided into long-term self-
renewing HSCs, short-term self-renewing HSCs and multipotent progenitors (blue arrows indicate self-
renewal). HCSs differentiate through a number of immature stages, e.g., common myeloid progenitors 
(CMPs), early lymphoid progenitors (ELPs) which develop to mature blood cells depicted at the far 
bottom.  
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Once committed to the lymphoid lineage, further differentiation steps lead to the 

formation of pro-B and pre-B-cells, which are the early B-cell precursors for mature B-

cells, germinal center B-cells and the terminally differentiated plasma cells. 

Normal B-cell differentiation begins in the bone marrow, with the first precursor: pro-

B-cell (or CLP-2) which expresses the B-cell marker B220 and can undergo 

immunoglobulin (IG) VDJ (variable, diversity and joining) gene rearrangement in the 

heavy chain gene locus.  

The next step can be identified by expression of CD19 and completion of 

immunoglobulin heavy chain complex (IGH) DH-to-JH gene-segment rearrangement by 

pre-BI cells. The IGH locus then continues to rearrange its variable region gene 

segments until productive VH–DJH alleles are generated in large pre-BII cells. These 

cells stop to express Rag1 and Rag2, and they display the product of the rearranged IGH 

gene at the cell surface; there, it assembles with the surrogate immunoglobulin light 

chains (IGL) VpreB and λ5, together with the signaling molecules Igα (which is 

encoded by the MB-1 gene) and Igβ (which is encoded by the B29 gene) to form the 

pre-B-cell receptor (pre-BCR) (LeBien, 2000).  

At this stage the immature B-cell, defined by the appearance of the assembled BCR at 

the cell surface, are tested for autoreactivity. B-cells that are autoreactive can be rescued 

by a secondary immunoglobulin gene rearrangement, which is known as receptor 

editing (Nemazee and Weigert, 2000), otherwise they are eliminated or inactivated by 

apoptosis or anergy, respectively. After they have successfully passed this examination, 

immature IgM+B-cells leave the bone marrow. They are first found in the spleen as 

transitional B-cells T1 (IgMhigh, IgDlow, CD21low, CD23-) which undergo several 

selection steps (Allman and Pillai, 2008). T1 lymphocytes responding to autoantigens 

can be negatively selected, this step is therefore a crucial check-point for the generation 

of mature B-cells; differentially they convert in T2 transitional lymphocytes (IgMhigh, 

IgDhigh, CD21high , CD 23+) (Loder et al., 1999; Matthias and Rolink, 2005). 

Only 1-3% of splenic transitional B-cells can differentiate in naive B-cells. Naive B-

cells are divided into two groups: marginal zone B-cells (IgMhigh, IgDlow, CD21high, 

CD23-) and follicular B-cells (IgMhigh, IgDint, CD21int, CD23+). In the secondary 

lymphoid organs, the naive B-cells, expressing CD5, in response to a T-cell dependent 

antigen, are costimulated by T-cells. They give rise to immune reaction, through the 
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interaction with follicular dendritic cells (FDC) and form a germinal centre (GC) (Liu et 

al., 1991; Liu, 2005). In mature GCs two compartment are established, termed the “dark 

zone” and “light zone” on the basis of their histological appearance, which are 

surrounded by follicular mantle cells. The dark zone contains a high density of large, 

proliferating B-cells with downregulated surface immunoglobulin (sIg) expression 

known as centroblast (Nieuwenhuis and Opstelten, 1984; MacLennan, 1994). At the 

distal pole lies the light zone, where the density of B-cells is lower and the density of 

FDC network higher. Light zone B-cells, so called centrocytes, are small B-cells with 

lower mitotic rate and expressing higher surface immunoglobulins (Figure 2).  

 

Figure 2. B-cell maturation and function in the periphery. B-cells that exit the bone marrow (left) as 
immature B-cell enter secondary lymphoid organs where they undergo several steps of maturation (right). 

 

The GC B-cells also express CD10 and the transcription factor BCL-6, which are 

negative in naive B-cells, memory B-cells and plasma cells. Another important feature 

of the GC B-cells is that they switch off the expression of the anti-apoptosis protein 

BCL-2, thus they are susceptible to death through apoptosis. Apoptosis of the GC B-

cells can be prevented by survival and proliferation-promoting signals provided by 

FDCs and T-cells (Liu et al., 1996).  
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In the GC, B-cells are involved in two different genetic processes: somatic mutation and 

isotype switching. Somatic mutation occurs mainly in the regions of the 

immunoglobulin heavy and light chain variable genes that form the antigen binding site, 

aiming to increase the affinity of surface IG receptors. Since this process is partially 

random, these mutations may result in decreased affinity of the IG receptor. Such cells 

can not bind to the antigen retained on the FDC and therefore do not receive survival 

signals. Almost 90% of the GC B-cells die through apoptosis; only those B-cells that 

have an increased affinity to the antigen presented by FDC will bind to the antigen and 

receive survival signals from FDC (Liu et al., 1996; Alt et al., 1984). The isotype switch 

process takes place on the IG heavy chain and the switch goes from IgM to IgG, IgA or 

less commonly to IgE. Importantly, somatic hypermutation may also occur in non-IG 

genes. A fraction of normal GC and memory B-cells carry BCL6 and CD95 (also called 

FAS) gene mutations (Pasqualucci et al., 1998; Gronbaek et al., 1998).  

Centrocytes that survive in the GC mature into class switched plasma cells or memory 

cells (Harris et al., 2001). Plasma cells enter the blood and home to the bone marrow. 

These cells lack expression of B-cell markers, CD19, CD20 and sIG, but express the 

adhesion molecules CD138 and CD38 (Rawstron, 2006). In plasma cells, the production 

of immunoglobulin shifts from a membrane-bound form, as found in mature B-cells, to 

a secreted form, and after primary immunization they persist for only a few days, they 

are also called short-lived population cells (Matthias and Rolink, 2005). Memory B-

cells comprise some of the cells in the follicular marginal zone of lymph nodes and 

spleen, these cells also home to the bone marrow. Memory B-cells express CD27 and 

strong IgM but little IgD (Gronbaek et al., 1998; Spencer et al., 1985). Conversely, 

memory B-cells are classified as long-lived population originated from GC B-cells and 

reside mainly in the bone marrow (Figure 3). 
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Figure 3. B-cell differentiation in the germinal-centre reaction. Mature (naive) antigen-activated B- 
cells that receive signals known as "T-cell help" are driven into B-cell follicles in secondary lymphoid 
organs such as lymph nodes, where they establish germinal center (highest grey region). FDC, follicular 
dendritic cell. Modified from (Matthias and Rolink, 2005). 

1.1.2. Key transcription factors for B-cell development 

In recent years the network of transcription factors involved in all differentiation steps 

of B-lymphopoiesis is beginning to be understood. Every step in B-cell development is 

characterized by the activation of the specific genetic program of the new 

intermediate/progenitor generated and the repression/extinction of the genetic program 

of the previous cellular state. To achieve this, the distinct differentiation steps are tightly 

regulated at the transcriptional level. The following section sheds light on the critical 

transcription factors in the control of B-cell development and maturation.  

IKAROS and PU.1: early specification towards the lymphoid lineage 

IKAROS and PU.1 are two transcription factors which play critical roles in the early 

cellular specification towards the lymphoid lineage. IKAROS was shown to be a crucial 

transcription factor for the commitment of ELPs into CLPs, clearly demonstrating its 

key role in the early cellular decision to undergo lymphocyte development. IKAROS 

functions either as a transcriptional activator or repressor by recruiting various 

chromatin remodeling complexes (CRCs) including SWI/SNF (related to the yeast 

switch/sucrose non-fermenting) or Mi-2/Nucleosome Remodeling and Deacetylase (Mi-
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2/NuRD) to DNA regulatory elements (O'Neill et al., 2000; Kim et al., 1999; Sridharan 

and Smale, 2007).  

IKAROS promotes B-cell identity, because it was observed that IKAROS-deficient pro-

B-cells expressing EBF1 and PAX5 were uncommitted (Reynaud et al., 2008). Thus, 

IKAROS restricts the self-renewal program in early hematopoiesis, while it advances 

the B lineage program at later stages of development. 

The transcription factor PU.1, an Ets family transcription factor encoded by Sfpi1 gene, 

regulates the bifurcation between myeloid and B lymphoid development (DeKoter and 

Singh, 2000). Low concentrations of PU.1 favor the B-cell fate, while higher 

concentrations promote myeloid differentiation. In fact, mice deficient for PU.1 die 

around birth and lack B, T, NK and myelomonocytic cells (McKercher et al., 1996; Lee 

et al., 2002). 

LEF1 and SOX4: early B-cell committed 

LEF1 (lymphoid-enhancer-binding factor 1) is also expressed by developing B and T 

cells, as well as at many sites of organ formation during embryogenesis. LEF1 is highly 

related to T-cell factor 1 (TCF1), TCF2 and TCF3, which have been implicated in 

control of transcription in T cells (Schilham and Clevers, 1998). LEF1 and TCFs 

interact with β-catenin and are the downstream integrators of the WNT-signaling 

pathway (Schilham et al., 1996). By itself, LEF1 does not activate transcription, but it 

can function as an architectural protein promoting the formation of multiprotein 

complexes on enhancer DNA sequences by inducing DNA bending.  

The transcription factors SOX4 (sex-determining region Y (SRY) box 4) is a member of 

the High-Mobility Group (HMG) box family and has a crucial role at an early stage of 

B-cell development. In adult mice, Sox4 is expressed mainly by immature T and B-

cells, whereas during embryogenesis, expression is broader. Mice lacking Sox4 die at 

E14 due to a defect in cardiac formation. However, when Sox4–/– fetal liver cells were 

used to reconstitute the hematopoietic system of lethally irradiated mice, a very strong 

block was observed at the pro-B-cell-to pre-B-cell transition (Schilham et al., 1996). 
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PAX5 and BCL6: maintenance of B-cell identity  

PAX5 is a paired homeodomain protein that is essential in determining and maintaining 

the fate of B-cells (Cobaleda et al., 2007). Its expression is first detected at the early 

pro-B-cell stage and increases in a stepwise manner during B-cell development until the 

plasma cell stage. PAX5 knockdown mice show a block in B-cell development at the 

pro-B stage (Urbanek et al., 1994). This factor works both as a transcriptional activator 

and repressor. It has been implicated in the direct transcriptional regulation of several B-

cell specific genes, such as genes encoding essential components of the BCR like the 

costimulatory receptors CD19 and CD21, the signal-transducing chain Igα (CD79a) and 

the central adaptor proteins BLNK and LEF1 (Delogu et al., 2006; Nutt et al., 1998). 

PAX5 activated genes in pro-B-cells were found to be enriched with epigenetically 

active marks, including H3K9ac, H3K4me2 and H3K4me3 (McManus et al., 2011). By 

contrast, PAX5 represses the transcription of genes necessary for T-lymphopoiesis such 

as FLT-3, PD-1, NOTCH1, macrophage colony-stimulating factor receptor (M-CSFR), 

CCR2 and CD28 to render B-cell precursors unresponsive to myeloid cytokines 

(Pridans et al., 2008; Holmes et al., 2008).  

PAX5 exerts its repressive function by recruiting members of the SWI/SNF chromatin 

remodeling complex (BRG1) and the NCoR1 repressor complex with its associated 

HDAC3 deacetylase activity to repress its target genes (McManus et al., 2011). PAX5 

has similar relevant role in lymphocyte development promoting B-cell commitment and 

inhibiting plasma cell differentiation. The loss of PAX5 function is sufficient to 

promote IG secretion and plasma cell differentiation (Nera and Lassila, 2006). In GC B-

cells, PAX5 represses the expression of XBP1, a transcription factor that is required for 

plasma cell differentiation (Reimold et al., 1996). 

Interestingly, the conditional deletion of PAX5 in mature B-cells (Schebesta et al., 

2007) also results in premature expression of gene encoding proteins involved in plasma 

cell differentiation and function, including BLIMP1, XBP1, J chain and secreted 

immunoglobulins (Nutt et al., 2011). In effect, PAX5 exerts its function as repressor of 

plasma cell differentiation through negative regulation of BLIMP1 that holds the 

position of a chief regulator that opens the way to the antibody secreting cell phenotype 

(Yasuda et al., 2012). 
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Due to its crucial role in normal B-lymphopoiesis, alteration of the PAX5 gene is 

presumed to contribute to leukemogenesis.  

Forced overexpression of PAX5 by t(9;14)(p13;q32) translocation has been identified in 

some B-cell lymphomas contributing to lymphomagenesis (Busslinger et al., 1996; Iida 

et al., 1996; Morrison et al., 1998). 

Monoallelic deletion of PAX5 has been observed in about 30% of children with Acute 

lymphoblastic leukemia (B-ALL), resulting in the loss of PAX5 protein expression or 

the production of a PAX5 protein lacking the DNA binding domain and/or 

transcriptional regulatory domain. Point mutations in PAX5 are also observed (7–30%), 

and they also impair normal PAX5 function. Translocation of PAX5 occurs in 1–2.5% 

of B-ALL cases, and they involve multiple partners such as ETV6, ENL and FOXP1 

(Mullighan et al., 2007; Familiades et al., 2009). The fusion transcript is thought to act 

as a constitutive repressor of the remaining PAX5 allele or the fusion partner gene, 

which could result in a block of normal B-cell differentiation (Mullighan et al., 2007; 

Cobaleda et al., 2007; Nebral et al., 2009). 

BCL6 is a transcriptional factor which is very highly expressed in GC B-cells and is 

essential for their formation. BCL6 is required during the extensive proliferation that 

characterizes GC B-cells and to allow somatic hypermutation (Basso and la-Favera, 

2010). 

The molecular mechanisms leading to induction of BCL6 expression in GC remain 

largely unknown. To date, IRF8 is the only transcription factor shown to be involved in 

BCL6 transcriptional activation (Lee et al., 2006).  

BCL6 appears to modulate a very broad program in GC B-cells aiming to prevent 

premature activation and differentiation and to fine-tune the DNA damage response. 

BCL6 acts on modulating a number of molecules involved in both BCR and CD40 

signal transduction from the surface to the nucleus including Ca2+-mediated signaling 

and the MAPK and NF-κB pathways, then ensuring that none of these pathways is 

prematurely activated (Saito et al., 2007; Niu et al., 1998). BCL6 has been shown to 

play a role in the modulation of molecules involved in the B-T cell interaction by 

regulating the expression of CD80 and CD274, both members of the B7-CD28 family 

(Niu et al., 2003; Basso, 2009). CD80 is expressed on antigen presenting cells including 
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B-cells, and its interaction with CD28 is required for T-cell activation, GC formation, 

and IG class switching (Borriello et al., 1997). 

BCL6 also binds to the regulatory regions of many thousands of genes in GC including 

cell cycle inhibitor, CDKN1A (encoding p21), TP53 (encoding p53) and oncogenes 

such as MYC and BCL2 (Basso et al., 2010; Ci et al., 2009). 

By contrast BCL6 also represses a number of genes required for the differentiation of 

B-cells into plasma cells, including BLIMP1 and IRF4 (Basso and la-Favera, 2010; 

Shaffer et al., 2000; Tunyaplin et al., 2004; Ci et al., 2009), two key transcription 

factors involved in the terminal differentiation of B-cells into plasma cells. BCL6 

displays a broad control on the apoptosis pathway affecting multiple genes encoding 

both pro- and anti-apoptotic proteins (Basso et al., 2010; Ci et al., 2009), consistent with 

the observation that GC B-cells display a transcriptional profile characterized by 

downregulation of multiple anti-apoptotic genes and upregulation of pro-apoptotic 

genes (Klein et al., 2003), resulting in their high susceptibility to apoptosis. 

BCL6 was identified as the target of chromosomal translocations affecting chromosome 

3q27 in Diffuse large B-cell lymphoma (DLBCL) (Ye et al., 1993; Baron et al., 1993). 

BCL6 rearrangements were detected in approximately 40% of DLBCL and 5–10% of 

Follicuar lymphoma (FL) (Ye et al., 1993; Kerckaert et al., 1993; Lo et al., 1994; Butler 

et al., 2002). Different regulatory regions have been shown to be translocated upstream 

the BCL6 coding sequence, including those of the IGH and IGL loci, and the TTF, 

PAX5, BOB1, and H4 genes. A common feature of these promoters is their constitutive 

activity in the B-cell lineage, and in particular their persistent activity in post-GC cells, 

such as immunoblasts and plasma cells (Chen et al., 1998). Therefore, these 

chromosomal translocations cause deregulation of BCL6 expression by preventing its 

physiological downregulation in post-GC B-cells (Figure 4). 
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ELPs CLPs Pro-B-cell Naive B-cellPre-B-cell Plasmablast Plasma cell

IKAROS

PU.1

LEF1

SOX4

PAX5
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GC B-cell

IRF4

XBP1  

Figure 4. Transcription factors expression during B lymphopoiesis. The progression of cells from 
ELPs to plasma cell is shown. Grey dark bars represent high levels of gene expression of transcription 
factors that are important in B-cell development during the course of differentiation, shaded grey bar 
represents low expression. Modified from (Ramirez et al., 2010).  

 

Terminal B-cell differentiation  

Terminally differentiated B-cells are known as plasma cells. In these cells, the 

production of immunoglobulin shifts from a membrane-bound form, as found in mature 

B-cells, to a secreted form. The genesis of plasma cells is associated with the extinction 

of the transcriptional program that establishes the B-cell phenotype, and this transition 

seems to be mediated by a network of interacting transcriptional repressors. 

BLIMP1 is considered the master regulator of plasma cell differentiation because it is 

able to induce plasmablatic features in transfected B-cells in vitro (Turner, Jr. et al., 

1994), and its depletion in mouse B-cells prevents the development of plasma cell in 

vivo (Shapiro-Shelef and Calame, 2005).  

BLIMP-1 has a major role in erasing the preplasma cell phenotypes by suppressing 

PAX5 and BCL6. This transcription factor is also responsible for the induction of 

expression of many genes in the plasma cell program, such as IRF4 and genes that are 

involved in immunoglobulin secretion like XBP1 (Shaffer et al., 2004). However, 

BLIMP1 is not essential for the initiation of the antibody-secreting cells program, as a 

pre-plasmablast population can be generated in its absence (Kallies et al., 2007). 

BLIMP1 is a tumor suppressor gene, it has been reported that loss of BLIMP1 by 

several mechanisms including deletions, gene mutations and transcriptional repression 

contributes to lymphomagenesis by blocking plasma cell differentiation in DLBCL 

(Mandelbau et al., 2010; Tam et al., 2006; Pasqualucci et al., 2006). 
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IRF4, a transcription factor expressed in immature B-cells and re-expressed in GC 

centrocytes, has been identified as a second master gene in plasma cell differentiation 

(Klein et al., 2006; Sciammas et al., 2006), controlling many processes such as Igκ gene 

recombination, immunoglobulin class switch recombination, GC B-cell formation and 

antibody-secreting cell differentiation (Shaffer et al., 2009). IRF4 is also broadly 

required for the differentiation of CD4+ T cells (Mittrucker et al., 1997). This 

transcription factor can bind to DNA weakly on its own, but displays strong co-

operative binding in the presence of PU.1, or the closely related gene SPI-B (Brass et 

al., 1996; Brass et al., 1999). IRF4 is responsible for BLIMP1 induction (Nutt et al., 

2011).  

Two other members of the IRF family are known to be involved in B-cell 

differentiation. IRF8 is the closest relative of IRF4 and it is expressed very highly in GC 

B-cells. IRF5, instead, is involved in the type I interferon (IFN-I) and inflammatory 

responses (Takaoka et al., 2005; Paun et al., 2008). 

XBP-1 is also essential for differentiation of plasma cells (Iwakoshi et al., 2003). This 

differentiation requires not only the expression of XBP-1 but the expression of the 

spliced isoform of XBP-1s.  

XBP1 is ubiquitously expressed at low levels, but its expression is dramatically 

upregulated in antigen-secreting cells. Its expression is regulated by unconventional 

mRNA splicing, occurring predominantly in the cytoplasm, that is carried out by 

endonuclease IRE1 and a specific RNA ligase in response to the accumulation of 

unfolded proteins (UPR) in the endoplasmic reticulum, leading to the production of an 

active form of the transcription factor [pXBP1(S)]. Interestingly, XBP1 pre-mRNA is 

also translated into a functional protein [pXBP1 (U)] that negatively regulates the UPR.  

Mammalian cells can quickly adapt to a change in conditions in the endoplasmic 

reticulum by switching proteins encoded in the mRNA from a negative regulator to an 

activator. This elaborate system contributes to various cellular functions, including 

plasma cell differentiation (Yoshida et al., 2001). In plasma cell differentiation, XBP1 

seems to function downstream of BLIMP1 (Shaffer et al., 2004). 

XBP-1-lacking plasma cells fail to colonize their long-lived niches in the bone marrow 

and to sustain antibody secretion (Hu et al., 2009). Recently a preplasmablast stage has 

been identified as a step preceding terminal plasma cell differentiation. This new cell 
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phenotype is characterized by very low immunoglobulin secretion and expression of 

XBP1 in the absence of detectable amounts of both BLIMP1 and IFR4 induction in 

vitro (Kallies et al., 2007). Afterwards BLIMP1, IRF4 and XBP1 are independently 

regulated proteins, all of which are required for terminal plasma cell differentiation 

downstream of PAX5 inhibition (Figure 5) (Shapiro-Shelef and Calame, 2005). 

Plasma cellB-cell

PAX5

BCL6

XBP1

BLIMP1

IRF4
 

Figure 5. Model of the transcriptional network controlling B-cell terminal differentiation. ↑, 
indicates positive regulation of gene expression,  indicates repressive activity. Modified from (Nutt et 
al., 2011). 

 

1.1.3. B-cell lymphomas 

Malignancies of B-cell occur when the normal regulation of cell differentiation is 

disrupted and there is a subsequent accumulation of cells that have been blocked at a 

particular stage of normal B-cell development. Malignant lymphomas have been 

classified by the WHO (World Health Organization) into disease categories based on 

histological features, cell surface markers, cytogenetic, clinical features and pathogenic 

mechanisms (Swerdlow et al., 2008).  

Small B-cell lymphomas comprise approximately 50% of the B-cell NHLs and include 

follicular lymphoma (FL; 40%), mantle cell lymphoma (MCL; 7%), marginal zone B-

cell lymphoma (MZL; 12%) and B-cell chronic lymphocytic leukemia (B-CLL; 3%–

4%). Diffuse large B-cell lymphoma (DLBCL) constitutes the majority of the remaining 

50% of B-cell NHLs and can be sub-classified as either GC B-cell–like (GCB-DLBCL) 

or activated B-cell–like (ABC-DLBCL). Burkitt lymphoma (BL) represents only 2% of 

GC B-cell lymphomas.  
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B-cell chromosome translocations play an important role in lymphoma development, 

however these abnormalities alone do not always result in transformation, and therefore 

additional genetic and epigenetic alterations are required for cells to become fully 

malignant. 

Frequently, these chromosomal translocations involve IG genes and a variety of partner 

genes leading either to transcription deregulation or production of chimeric proteins. 

Translocations occur at three stages in B-cell development: during V(D)J recombination 

in the bone marrow, during somatic hypermutation and during class switch in the GC 

(Kuppers, 2005; Kuppers and Dalla-Favera, 2001). Two paradigms of translocation that 

involve naive B-cell are the t(11;14) (q13 ;q32 ) BCL1-IGH translocation in MCL and 

the (14;18)(q32;q21) BCL2-IGH translocation in FL (Tsujimoto et al., 1985; Tsujimoto 

et al., 1988). In MCL, the translocation leads to overexpression of cyclin D1, causing 

deregulation the cell cycle. In FL, the translocation causes deregulated expression of the 

anti-apoptotic protein BCL-2.  

BCL-2 is used as a diagnostic marker since it can be used to distinguishing normal B-

cell follicles from neoplastic follicles observed in FL. Translocations that occur during 

somatic hypermutation are characterized by breakpoints within or adjacent the 

rearranged V(D)J genes, and these V region are mostly somatically mutated (Kuppers 

and Dalla-Favera, 2001; Goossens et al., 1998). The MYC-IG translocations in BL and 

some translocations of the BCL6 gene in DLBCL show translocation breakpoints in 

somatically mutated V region genes (Denny et al., 1985; Akasaka et al., 2000). The 

third kind of translocation was detected in the chromosome breakpoints located in IGH 

switch regions. Many different translocations have been detected involving breakpoints 

in the IGH switch regions such as MYC in sporadic BL (Figure 6) (Dalla-Favera et al., 

1983). 

Recently, next generation sequencing (NGS) techniques have enabled the 

comprehensive documentation of genetic lesions in numerous hematological 

malignancies. These powerful methods of investigation have provided insights into the 

mechanisms for the deregulation of known pathways (e.g. NF-κB), uncovered the 

importance of new pathways for oncogenesis (e.g. mRNA processing), identified 

disease-defining mutations, and provided meaningful new targets which are already 

being translated into therapeutic interventions (Blombery et al., 2013). 
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Figure 6. Cellular origin of human B-cell lymphomas. Most lymphomas are derived from germinal 
center or from B-cells that have passed through the GC, indicating its role in the pathogenesis of B-cell 
lymphomas. LPL, lymphoplasmacytoid lymphoma. Modified from (Klein and la-Favera, 2008). 
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1.2. Mantle cell lymphoma 

1.2.1. Introduction 

MCL accounts for 7 % of NHL predominating in male with advanced age and 

represents a particularly challenging disease with patient outcomes inferior to most 

other lymphoma subtypes (Tort et al., 2002).  

Patients commonly present with disseminated disease. The clinical evolution is usually 

very aggressive with short response to treatment and frequent relapses, and few patients 

are cured with current therapies. However, recent clinical studies have identified a 

group of patients with a more indolent form of the disease that have a long survival 

even without the need for treatment (Nodit et al., 2003; Espinet et al., 2005; Orchard et 

al., 2003).  

MCLs are CD5-positive mature B-cell lymphoid tumors derived from antigen-naive 

pre-germinal center B-cells located in the mantle zone surrounding normal germinal 

center follicles (Jares et al., 2007). Notably, contrary to what was observed in cMCL, 

most commonly carrying unmutated immunoglobulin genes (Swerdlow et al., 2008), 

iMCLs frequently carry hypermutated immunoglobulin genes, indicating an origin in 

cells that have experienced the somatic hypermutation machinery of the follicular 

germinal center (Orchard et al., 2003; Navarro et al., 2011).  

The t(11;14) (q13;q32), a chromosomal rearrangement driving to overexpression of the 

cyclin D1 gene (Swerdlow et al., 2008), is a hallmark of this disease, although a small 

subset of lymphomas resembling conventional MCL but lacking the t(11;14)/CCND1 

breakpoint has been identified (Mozos et al., 2009; Ondrejka et al., 2011). Nevertheless, 

nuclear cyclin D1 expression is routinely used as one of the most important element in 

the diagnosis of MCL and it is able to distinguish this lymphoma from other NHL. This 

genetic alteration is thought to be the primary event in the pathogenesis of the tumor, 

probably facilitating the deregulation of the cell cycle at the G1-S phase transition 

(Campo et al., 1999). In addition to the constitutive deregulation of the cell cycle, other 

mechanisms such as DNA damage response alteration and activation of cell survival 

pathways are integrated to drive MCL pathogenesis (Jares and Campo, 2008). 

Furthermore, indolent and conventional MCLs differ in the expression of a small 

signature of 13 genes, including SOX11, which is usually not expressed in iMCLs but 
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in all cMCL cases (Fernandez et al., 2010). The SOX11 transcription factor has been 

found to be a reliable and highly specific biomarker for conventional MCLs. In 

addition, it is not expressed in other low-grade-B-cell lymphomas, offering a valuable 

practical tool to properly recognize cases of cyclin D1-negative MCLs (Mozos et al., 

2009; Royo et al., 2012; Salaverria et al., 2013). 

In the last years, recent studies have contributed to the substantial advances made in the 

comprehension of the pathogenesis of MCL, giving new perspectives for the 

identification of the optimal therapeutic targets and for the design of new molecular 

therapies that can ultimately cure this fatal disease. 

 

 
Aggressive MCL (70-90%) 

 

 
Indolent MCL (10-30%) 

 
�  Median survival of 3-5 years  
�  Clinical presentation: disseminate, nodal 

with classical cytological variant 
�  Chromosomal instability, multiple 

genomic alterations  
�  Unmutaded IGHV 
�  Three-gene signature high (SOX11, 

HDGFRP3, DBN1) 

�  Median survival of 7-10 years  
�  Clinical presentation: leukemic non-

nodal, splenomegaly with small-cells 
cytological variant 

�  Stable karyotype 
�  Hypermutated IGHV 
�  Three-gene signature low (SOX11, 

HDGFRP3, DBN1) 
 

Table 1. Principal features of two subtypes of MCL 

 

1.2.2. Morphological, phenotypic and clinical features of MCL 

Morphologically, MCL is characterized by a spectrum of cytological variants that are 

associated with different biological and clinical characteristics. 

The classical variant occurs in 80-90% of cases and shows a monotonous proliferation 

of small–medium-sized lymphocytes with irregular nuclei and inconspicuous nucleoli.  

The small-cells cytological variant has been mainly recognized in patients with a 

leukaemic and splenomegaly presentation without lymph nodes and a more indolent 

clinical course (Angelopoulou et al., 2002; Orchard et al., 2003). Although MCL 

proliferation activity may vary from case to case, it is generally low, with Ki-67 positive 

cells around 15–30%. 
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At the other end of the spectrum, the current WHO classification identified two 

cytological variants associated with more aggressive evolution, blastoid and 

pleomorphic MCL (Figure 7). 

 

Figure 7. MCL histological variants (tissue sections staining for hematoxilin and eosin (H&E): (A) 
classical MCL, (B) small-cell MCL, (C) blastoid MCL, (D) pleomorphic MCL. 
 

Blastoid MCLs show morphology with rounded nuclei, finely dispersed chromatin and 

inconspicuous nucleoli and may have an extremely high proliferative activity with 

numerous mitotic figures, high percentage of Ki-67 positive cells (>90%).  

Pleomorphic MCLs are composed of a more heterogeneous population of larger cells. 

Although the proliferation activity is high, it is usually lower than in blastoid cases. 

These tumors are frequently tetraploid and it is not uncommon to observe mitotic 

figures highly hyperchromatic with an apparent high number of chromosomes (Ott et 

al., 1997).  

Some tumors may have very discordant morphology with areas of pleomorphic cells 

intermingled with others with a classical morphology. 

Blastoid variants occur usually de novo and less frequently in patients with previous 

diagnosis of classical MCL (Norton et al., 1995; Argatoff et al., 1997). However, recent 

data supports the view that blastoid MCL arising in patients with previous diagnosed 

classical MCL, represents histological transformation of the initial neoplastic clone 

rather than a de novo tumor (Yin et al., 2007). 
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MCL cells show a mature B-cell phenotype with moderate–strong expression of surface 

immunoglobulins (IgM/IgD, predominantly lambda), B-cell-associated antigens such as 

CD20, CD22, CD79, and the T-cell-associated antigen CD5.  

MCL is usually negative for several B-cell activation and germinal center markers such 

as CD23, a key cell surface molecule for B-cell activation and growth, CD10 the 

germinal centre-associated antigen, which is a transmembrane endopeptidase, or BCL6, 

a transcription factor involved in lymphoid follicle germinal centre formation and 

maintenance (Jares et al., 2007).  

MCL cells have a striking tendency to disseminate throughout the body. Most patients 

have generalized lymphadenopathies at diagnosis, but involvement of the bone marrow, 

peripheral blood, spleen, liver and the gastrointestinal tract are also very common.  

During the progression of the disease the tumor may infiltrate any tissue, including the 

central nervous system and respiratory tract. The median overall survival of patients 

with MCL is 3–4 years. Complete remission of the disease with conventional therapy is 

obtained in 20– 80% of patients, but almost all will relapse (Swerdlow et al., 2008).  

A subset of patients may follow an indolent clinical course and may not required 

treatment for a long period. This indolent clinical evolution was recognized initially in 

patients presenting with splenomegaly and a leukemic non-nodal or minimal nodal 

disease, suggesting that it may correspond to a different subtype of MCL (Orchard et 

al., 2003; Angelopoulou et al., 2002).  

 

1.2.3. Initial ontogenetic steps 

The t(11;14)(q13;q32) is considered the primary oncogenic event in the pathogenesis of 

MCL (Campo et al., 1999). This translocation juxtaposes the protooncogene CCND1 

locus at 11q13 to the IGH localized at chromosome 14q32 causing the overexpression 

of cyclin D1. In particular, this alteration leads to a 5'-5' fusion of the BCL-1 locus with 

the sequence from the IGH@ locus and brought under the control of IGH enhancer 

CCND1 (Jares and Campo, 2008). 

The majority of breakpoint sites at 11q13 occurs in a region named the major 

translocation cluster (MTC) (Figure 8). Although normal B lymphocytes might express 

cyclin D2 and D3 (Teramoto et al., 1999), cyclin D1 is not normally expressed in these 
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cells, but it is overexpressed at both mRNA and protein levels in MCL, highlighting its 

pivotal importance in MCL lymphomagenesis (Bosch et al., 1994; de Boer et al., 1995).  

 

Figure 8 The translocation t(11;14)(q13;q32) in MCL (A) Schematic representation of the germline 
immunoglobulin heavy chain (IGH) locus (IGH@) on chromosome 14q32 displaying the genomic 
organization of the variable (V), diversity (D), joining (J) and the constant region. The breakpoint in IGH 
seems to occur between the diversity and joining regions during the early steps of the V(D)J 
recombination. (B) Genomic organization of the BCL-1 (B-cell lymphoma/leukaemia 1) locus on 
chromosome 11q13. The majority of breakpoints (30–50%) happens at the MTC, however there is some 
variability and 10–20% of the breaks occur outside the MTC closer to CCND1. (C) The translocation 
leads to a 5'-5' fusion of the BCL-1 locus with sequences from the IGH@ locus and brought under the 
control of the IGH enhancer, CCND1 (Jares and Campo, 2008). 

 

The cyclin D1 gene is transcribed in two major mRNA transcripts of approximately 4.5 

and 1.5 kb respectively. Both isoforms contain the whole coding region of the gene and 

differ only in the length of their 3' untranslated region (UTR) that generates a 

polypeptide of 36 kDa (isoform a). About 4–10% of MCLs aberrantly express truncated 

forms of the 4.5 kb mRNA transcript with shorter 3′-UTR that lacks destabilizing 

AUUUA sequences involved in transcript instability (Seto et al., 1992; Xiong et al., 

1991) and in the binding sites for different microRNAs (miR-16, miR-503, miR-15a, 

miR-34a, miR-195, miR-424) that negatively regulate cyclin D1 expression (Chen et al., 

2008; Jiang et al., 2009). The loss of these regulatory sequences is caused by additional 

rearrangements in the 3′ region of the gene, microdeletions or point mutations (Seto et 

al., 1992; de Boer et al., 1997; Komatsu et al., 1994; Rimokh et al., 1994; Wiestner et 

al., 2007).  
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These aberrant transcripts have an increased half-life and, interestingly, the tumors have 

very high levels of cyclin D1 expression, high proliferation and more aggressive clinical 

behavior (Rosenwald et al., 2003; Sander et al., 2005). An additional mechanism 

targeting cyclin D1 is the amplification of the translocated t(11;14) allele, which also 

results in very high levels of cyclin D1 expression (Bea et al., 2009). In addition to this 

canonical isoform a, the cyclin D1 gene also encodes a less abundant isoform (isoform 

b) that lacks the C-terminal region (Hosokawa et al., 1999; Betticher et al., 1995). This 

isoform is generated by an alternative splicing that skips the whole exon 5. This exon 

contains important regulatory motifs including a residue that promotes the nuclear 

export of cyclin when phosphorylated (Alt et al., 2000; Diehl et al., 1998). Although 

cyclin D1b isoform seems to have a higher transforming capacity in cultured cells, its 

oncogenic mechanisms are not well understood (Solomon et al., 2003). 

In a recent study, a high-throughput sequencing approach allowed the identification of 

several mutations in CCND1 gene. These novel mutations involve the 5´-UTR and the 

first exon of the gene, and are highly frequent among MCL patients. The predominance 

of transitions over transversions, their position at 5'-end of CCDN1, and the proximity 

of the IGH chain locus that stems from the t(11,14) suggest that these mutations likely 

arise through somatic hypermutation (Kridel et al., 2012).  

The role of cyclin D1 in promoting MCL lymphomagenesis is related to its function in 

the G1 phase of cell cycle regulating the cyclin-dependent kinases (CDK) (Hunter and 

Pines, 1994). Cyclin D1-CDK4 and cyclin D1-CDK6 complexes phosphorylate 

retinoblastoma 1 (RB1), causing the inactivation of its suppressor effect on cell cycle 

progression (Ewen et al., 1993). The hyperphosphorylation of RB1 by cyclin D1-CDK4 

and cyclin D1-CDK6 lead to the release of E2F transcription factors and the subsequent 

progression of the cell into S phase. RB1 is hyperphosphorylated in MCL, particularly 

in highly proliferative variants (Figure 9) (Jares et al., 1996). 
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Figure 9. Role of cyclin D1 in cell cycle. Cyclin D1, induced by mitogenic signals, binds to CDK4 and 
controls the G1/S phase transition by initiating the hyperphosphorylation of RB1 and the release of E2F. 
This initial activation of E2F would initiate the accumulation of cyclin E. In addition, the titration of p27 
into cyclin D1/CDK4 complexes will promote the activation of cyclin E/CDK2 complexes that, in turn, 
will enhance p27 degradation and further phosphorylation of RB1, allowing the cell to progress into S 
phase. New evidence suggests that cyclin D1 might have cell cycle–independent functions (Navarro et al., 
2011).  
 

However, recent studies identified intragenic deletions of RB1 which lead to a total lack 

of protein expression in some cases of MCL (Pinyol et al., 2007), suggesting that cyclin 

D1 may also have an oncogenic role independently of RB1 in these tumors. 

MCL may also have an impaired control of late G1 phase and the G1-S phase transition. 

This step is regulated by cyclin E-CDK2 complex and CDK inhibitor p27. The 

overexpression of cyclin D1 in MCL cells seems to sequester p27 into CDK4-cyclin D1 

complexes rendering p27 incapable of inducing G1 cell cycle arrest (Quintanilla-

Martinez et al., 2003; Qi et al., 2006). 

MCL seems to also have an increased degradation of p27 by the proteasome pathway 

(Chiarle et al., 2000). The hypothetical higher levels of cyclin E-CDK2 could facilitate 

p27 phosphorylation and degradation.  

Deregulation of cyclin D1 may also have oncogenic potential independently of its CDK 

cell cycle regulatory function. Studies in solid tumor models have shown that cyclin D1 

might act as transcription regulator interacting with transcription factors, chromatin-
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remodeling, and histone-modifying enzymes (Fu et al., 2004; Aggarwal et al., 2010; 

Bienvenu et al., 2010). Cyclin D1 may also promote chromosome instability by binding 

to genes that regulate chromosome segregation and chromatin reorganization (Casimiro 

et al., 2012). Furthermore, cyclin D1 has been implicated in promoting DNA repair by 

binding to RAG1 and homologous DNA recombination (Jirawatnotai et al., 2011).  

These functions of cyclin D1 none related to cell cycle have not been properly 

investigated in MCL. However, the complete inactivation of the RB1 by mutations and 

deletions in some MCLs (Pinyol et al., 2007), making cyclin D1 not essential for cell 

cycle functions, support the hypotesis that cyclin D1 may play additional oncogenic 

roles in this tumor. Interestingly, the recent description of cyclin D1 as promoting cell 

survival in MCL by sequestering the proapoptotic BAX protein supports this hypothesis 

(Beltran et al., 2011).  

1.2.4. Cell origin and normal cell counterpart 

The term mantle cell lymphoma reflects the idea that the normal cell counterpart of this 

tumor is a lymphocyte whose physiological microenvironment is the mantle zone of the 

secondary lymphoid follicle.  

 

Figure 10. (A) Schematic representation of t(11;14) involving CCND1 and IGH genes in MCL.  
(B) Malignant cell with IGH-CCND1 fusion and a split of the 11q13 probe (major configuration). The 
two red/orange signals correspond to the 11q13 probe, hybridized on the normal and derivative 
chromosomes 11, respectively. The green signal corresponds to the normal chromosome 14, whereas the 
yellow signal corresponds to the fusion of the 11q13 and 14q32 probes on the derivative chromosome 14 
(Li et al., 1999).  
 

The t(11;14)(q13;q32) translocation occurs in the bone marrow at the pre-B stage of 

differentiation when the cell is initiating IG gene rearrangement with the recombination 

of the V(D)J segment (Navarro et al., 2011). Although the translocation occurs at a very 
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early stage, MCL cells are mature B lymphocytes that express genes normally detected 

in naive B-cells, like IgD and CD5. 

The phenotype and topographic distribution of these cells are similar to a small 

subpopulation of naive B CD5+ cells, producing low affinity polyreactive antibodies 

that colonize the normal mantle zone of the lymphoid follicles and tend to recirculate.  

These observations and the predominance of unmutated IG genes observed in most 

MCL suggest that the normal counterpart of this tumor is a mature naive B-cell.  

However, recent studies have shown that 15% to 40% of MCLs carry IGHV somatic 

hypermutations and have a strong bias in the IGHV gene repertoire with IGHV3-21, 

IGHV4-34, IGVHV1-8, and IGHV3-23 used by 46% of the cases (Hadzidimitriou et al., 

2011). 

The mutational load and the associated light chain gene also differ between the IGHV 

families. Thus IGHV3-21, in contrast to IGHV3-23 and IGHV4-59, is almost 

exclusively found in germline configuration and is commonly paired with the light 

chain IGLV3-19. The fact that the mutation frequency is not random and is related to 

the utilization of specific IGHV genes suggests that at least a subgroup of MCL is not 

derived from naive B-cells but from cells expanding under the stimulation of certain 

antigens. This idea is further supported by the recognition of a bias association of 

certain IGHV, IGHD and IGHJ genes with restricted VH CDR3 motifs in 10% of 

tumors (Navarro et al., 2011).  

This scenario is similar to the stereotyped IG rearrangements observed in CLL (Murray 

et al., 2008). However, the family usage and clusters of the rearranged IG genes are 

different in the two diseases suggesting that the potential mechanisms involved in the 

clonal selection may be different. 

Overall these data suggest that most MCLs may derive from antigen-experienced cells. 

However, the different levels of somatic mutations in the IGHV genes observed in MCL 

may indicate that different subpopulations of B-cells could be considered normal 

counterparts of the tumor. Thus, the fact that around 15% of the tumors have a large 

number of somatic mutations would suggest that these tumors originate in cells that 

have had strong experience through the germinal center. 
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Conversely, roughly 30%-50% of the cases have total homology with the germline 

sequence of the IGVH genes and these cases may derive from cells without any 

exposure to the mutational machinery (Navarro et al., 2011). 

Finally, a number of cases have a low number of somatic mutations. These cases may 

be related to marginal zone or early germinal center cells similar to a particular subtype 

of B-cell called "pro-germinal center cell" which is considered as an intermediated step 

between both naive and germinal center cells, characterized by the expression of IgD+ 

CD38-CD23-CD71+, activation-induced cytidine deaminase (AID) and a few somatic 

IGHV hypermutations. These cells may be the normal counterparts of at least a number 

of MCLs cases (Kolar et al., 2007). 

1.2.5. Secondary genetic alterations 

Despite the important role of the t(11;14)(q13;q32) translocation and the cyclin D1 

overexpression in the development of MCL, several observations suggest that this 

mechanism may not be sufficient for the full transformation of the cells and the 

aggressive behavior of the tumor.  

Transgenic mice that overexpress cyclin D1 did not develop spontaneous lymphomas, 

and cooperation with other oncogenes like myc were required for lymphomagenesis 

(Lovec et al., 1994). Furthermore, a mouse model expressing a constitutively nuclear 

cyclin D1 in murine lymphocytes developed mature B-cell lymphomas carrying 

alterations similar to blastoid variants of MCL, including deregulation of the 

ARF/MDM2/p53 pathway and BCL-2 overexpression (Gladden et al., 2006). In 

addition, the identification of the t(11;14) translocation in blood cells of 1–2% of 

healthy individuals without evidence of disease (Hirt et al., 2004) supports the need for 

additional oncogenic events in the progression of MCL (Jares et al., 2012). 

Compared with other lymphoma subtypes, MCL is characterized by a particularly high 

number of chromosomal gains and losses that are thought to occur secondarily to the 

underlying hallmark translocation t(11;14) involving cyclin D1. It seems probable that 

the secondary genetic alterations and their molecular consequences are of major 

importance in determining the aggressiveness of the tumor and therefore the clinical 

course (Jares et al., 2007). These alterations target genes involved in molecular 

pathways such as cell cycle control, DNA damage response, and cell survival pathways, 

are frequently found in aggressive MCL (Figure 11) (Jares and Campo, 2008).  
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Figure 11. Cell cycle and DNA damage pathway dysregulation in MCL (Jares et al., 2007). 

 

The INK4a/CDK4/RB1 and ARF/MDM2/p53 cell cycle pathways are very frequently 

targeted by secondary genetic alterations in MCL. Both pathways are connected through 

the CDKN2A locus (9p21), which encodes for both the CDK inhibitor INK4a and the 

positive p53 regulator ARF, and this locus is frequently deleted in MCL. 

Other key elements of these pathways, such as TP53 and RB1, are also frequently 

inactivated by point mutations or gene deletions (Pinyol et al., 2007; Hernandez et al., 

1996). In addition, gene amplification events have been found to deregulate additional 

genes, including CDK4, polycomb ring finger gene BMI1, and MDM2 (Hernandez et 

al., 2005). Accordingly, the proliferation gene expression signature is the best predictor 

of patient survival, underscoring the importance of cell cycle dysregulation in dictating 

the behavior of MCL (Rosenwald et al., 2003). 

Chromosome aberrations observed in MCL are consistent with an important role for 

deregulation of the DNA damage response in this lymphoma (Royo et al., 2011). The 

ataxia telangiectasia mutated (ATM) gene, located at 11q22-23, is frequently deleted and 

mutated in MCL cases with increased genomic instability (Camacho et al., 2002). 

Additional downstream elements of this pathway, including CHK1 and CHK2, are 



                                                                                                                                                                     Introduction 

41 

occasionally deregulated in MCL, suggesting that mutation of DNA damage response 

contributes to oncogenesis (Jares et al., 2012). 

Recent studies have also shown that genes involved in cell survival are targets of 

recurrent genetic alterations in MCL. Amplifications and overexpression of 

antiapoptotic genes such as BCL2 (18q21) (Bea et al., 2009) and homozygous deletions 

of proapoptotic genes such as BCL2L11 (2q13) have been described in primary tumors 

(Hartmann et al., 2010).  

In the last few years, NGS technology has emerged as a valuable tool in cancer 

research, enabling the detection of somatic mutations and gene expression changes in 

tumor DNA at a much higher resolution than arrays, offering greater accuracy and cost-

effectiveness than ever before. 

A recent study, based on whole transcriptome shotgun sequencing (RNA-seq), found 

NOTCH1 mutations in 12% of MCL cases to be associated with poor survival (Kridel et 

al., 2012). This gene encodes for a transmembrane protein that functions as a ligand-

activated transcription factor. Similar to NOTCH1 mutations described recently in CLL 

(Puente et al., 2011; Gesk et al., 2006), mutations in MCL occur in the PEST domain 

and generate a truncated, more stable and transcriptionally active protein. Furthermore, 

it was observed that inhibition of NOTCH pathway reduced proliferation and induced 

apoptosis of MCL cell lines (Kridel et al., 2012). 

Alteration (loss/gain) Candidate genes Pathways 
Loss 1p32.3 FAF1,CDKN2C Cell cycle/ cell survival 
Loss1q32 PROX1 Proliferation 
Loss 2q34 MAP2 Microtubules 
Homozygous loss 2q13 BCL2L11 Cell survival 
Loss 6q24/25 LATS1 Hippo signaling pathway 
Loss 6p23 TNFAIP3/A20 NF-κB inhibition 
Loss 8p23 MCPH1 DNA damage response 
Loss 9p21.3 CDKN2A/B, MTAP Cell cycle 
Loss 19p13.3 MOBKL2A Hippo signaling pathway 
Loss 11q22.3 ATM DNA damage response 
Loss 13q14.2 RB1 Cell cycle 
Loss 13q34 CUL4A, ING1 Cell cycle/ DNA damage response 
Loss 17p13 TP53 Cell cycle/ DNA damage response 
Gain 8q24.21 MYC Proliferation 
Gain 10p12.2-12.31 BMI1 Cell cycle 
Gain 11q13.3-q21 CCND1, MAP6 Cell cycle/ microtubule dynamics 
Gain 12q14 CDK4, MDM2, CENTG1 Cell cycle/apoptosis/ DNA damage 
Gain 13q31.3 MIR17H-g (miR-17-92) Cell cycle, apoptosis 
Gain 18q21.33 BCL2 Apoptosis 

 
Table 2. Recurrent genetic alterations and target genes detected in MCL (Royo et al., 2011).  
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1.2.6. Cyclin D1-negative MCLs 

Despite the relevance of the t(11;14) translocation and cyclin D1 deregulation in MCL, 

there is a rare variant of this tumor that lacks cyclin D1 expression but resembles cMCL 

histologically, clinically, and molecularly (Rosenwald et al., 2003; Fu et al., 2005; 

Mozos et al., 2009). The lack of cyclin D1 expression is due to the absence of 

translocations involving cyclin D1 in the majority of patients (Klapper, 2011). Although 

the number of cases is still limited, a gene expression profile study on a set of these 

putative cyclin D1-negative MCLs showed that they had a global expression signature 

similar to that of conventional cyclin D1-positive tumors confirming that they 

corresponded to the same entity (Fu et al., 2005). This idea was further supported by the 

identification of a similar profile of secondary genomic alterations (Salaverria et al., 

2007).  

Interestingly, cyclin D1-negative MCLs frequently exhibited overexpression of other 

cyclins such as cyclin D2 and cyclin D3, but without evidence of chromosomal 

aberrations involving these loci (Fu et al., 2005). Subsequent studies have identified 

isolated cyclin D1-negative MCL harboring a t(2;12)(p12;p13) fusing the CCND2 gene 

to the IGK@ locus (Gesk et al., 2006), t(12;22)(p13;q22) with IGL-CCND2 fusion 

(Shiller et al., 2011), cryptic t(12;14)(p13;q32)/IGH-CCND2 (Herens et al., 2008) or 

CCND2 breaks with unidentified partner (Quintanilla-Martinez et al., 2009). In 

addition, a translocation of the CCND3 gene has been detected in a single MCL patient 

(Wlodarska et al., 2008). 

Furthermore, rare chromosomal translocations involving CCND3 (which codifies for 

cyclin D3) and IGH genes have been reported in B-cell malignancies other than MCL 

(Shaughnessy, Jr. et al., 2001; Sonoki et al., 2001; Wlodarska et al., 2008). 

In a recent study involving the largest series of cyclin D1-negative MCL patients, 

CCND2 rearrangements were identified as the most frequent genetic events (55% of 

cases) resulting in deregulation of CCND2 expression. Additionally, it was observed 

that CCND2, but not the CCND3 gene, predominantly translocates to IG light chain 

genes suggesting that these rearrangements take place in a different stage of B-cell 

differentiation compared with the stages where CCND1, BCL2 or BCL6 translocations 

occur (Salaverria et al., 2013).  
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These findings suggest that the deregulation of CCND2 in the absence of cyclin D1 

expression may be an alternative mechanism in cyclin D1-negative MCL pathogenesis 

(Jares et al., 2012; Salaverria et al., 2013), however the absence of any cyclin D gene 

alterations in a subset of otherwise conventional MCL raises the intriguing question 

about the initial driver for pathogenesis in these cases.  

SOX11 has been identified recently as a reliable biomarker of MCL. SOX11 is highly 

expressed in virtually all MCL tumors but it is not expressed in other mature lymphoid 

neoplasms and normal lymphocytes at any stage of differentiation (Ek et al., 2008). 

Interestingly, SOX11 is highly expressed in both cyclin D1–negative and –positive 

MCLs, suggesting that in addition to its value as a diagnostic biomarker, it may be an 

important factor in the pathogenesis of MCL (Mozos et al., 2009). 

1.2.7. Indolent MCLs 

Recent observations have suggested that the clinical behavior of MCL may not be as 

homogeneous as initially thought. Thus, although most patients follow a very rapid 

progression and die of the disease, others have an indolent clinical course and can 

survive more than 10 years, even without receiving immunochemotherapy. The 

identification of these patients is important because they may benefit from more 

conservative management for some time without apparently harming their global 

outcome (Martin et al., 2009). 

Since Orchard and colleagues reported in the 2003 a subset of patients with MCL 

characterized by leukemic-non-nodal disease, typical phenotype, mutated IgVH and a 

indolent clinical presentation with prolonged survival, there has been ongoing debate 

about whether the heterogeneity in the non-nodal group represents a true variation 

within MCL or it is due to the inclusion of other B-cell malignancies with the t(11;14) 

translocation (Orchard et al., 2003). 

Furthermore, studies of prognostic factors in MCL have indicated that tumors with very 

low proliferation index, a histological growth pattern restricted to mantle zone of the 

lymphoid follicles (mantle zone pattern), and a limited clinical stage may have a 

significantly better prognosis with longer survival than the global series of patients 

(Navarro et al., 2011; Tiemann et al., 2005). These cases may correspond to early stages 

in the development of cMCL. 
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Most MCLs have complex karyotypes, but non-nodal tumors have very few, if any, 

chromosomal alterations in addition to the t(11,14) translocation. Non-nodal MCLs 

frequently have hypermutated IGHV, suggesting an origin in cells with a strong 

influence of the germinal center microenvironment, whereas cMCLs typically have few 

or no mutations in IGHV (Orchard et al., 2003; Royo et al., 2012; Del, I et al., 2012; 

Navarro et al., 2012). 

In a study carried out in our laboratory, a gene expression profiling was performed to 

compare a group of indolent leukemic MCLs with a group of patients with conventional 

disease to shed light on different biological features of these two subtypes of MCL. This 

study also included other leukemic lymphoid neoplasias such as CLL, splenic marginal 

zone lymphoma (SMZL), hairy cell leukemia (HCL) and leukemic FL. Interestingly, 

unsupervised hierarchical clustering analysis revealed that the iMCLs were molecularly 

more similar to cMCLs than to any other type of lymphoid neoplasia supporting the 

idea that they correspond to the same molecular disease. However, they also had 

differential expression of a 13 genes signature including SOX11 gene (Figure 12) 

(Fernandez et al., 2010). 

In a further study, it was confirmed by quantitative Real Time-PCR (qRT-PCR) that 

three genes of this signature, SOX11, HDGFRP3 and DBN1, were highly expressed in 

MCLs with aggressive clinical behavior and nodal presentation, whereas MCLs with 

non-nodal disease and good prognosis showed low expression. These data might supply 

a good additional diagnostic tool to distinguish these two subtypes of MCLs (Royo et 

al., 2012). 
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Figure 12. Gene expression profiling of several B-cell lymphomas. (A) Characterization of iMCL 
according to their genetic and molecular features. The genomic complexity is illustrated in the bar plots at 
the top of the panels, reflecting the number of alterations for each case. The plot below indicates the 
diagnosis of the cases. Violet, iMCL; blue, cMCL. IGVH gene status of all MCL cases is indicated by 
color (red, >5% mutations; pink, 3–5% mutations; blue, 0–2%). Bright red, high expression; green, low 
expression. (B) Differential signature between iMCL and cMCL. Probe sets that showed a highly 
significant differential expression between iMCL and cMCL are highlighted (Fernandez et al., 2010). 
 

The detection of SOX11 by immunohistochemistry (Figure 13) or qRT-PCR in larger 

series of patients has confirmed the relationship among its lack of expression, 

hypermutated IGHV, low karyotype complexity, non-nodal leukemic disease, and 

longer survival with stable disease in an independent cohort of patients, suggesting that 

these biological and clinical features may identify a different subtype of MCL (Del, I et 

al., 2012; Royo et al., 2012; Fernandez et al., 2010; Ondrejka et al., 2011; Rule et al., 

2011; Navarro et al., 2012).  

Some patients with a non-nodal and leukemic presentation may progress to an 

aggressive behavior after several years of a stable disease. On the other hand, some 

patients with SOX11 negative MCL may present with pleomorphic morphology at 

diagnosis and a very aggressive behavior (Nygren et al., 2012). These patients may have 

long leukemic, non nodal phase followed in some cases by progression to an aggressive 

lymphoma associated with the acquisition of 17p/TP53 alterations and complex 
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karyotypes. Although these patients may represent the transformed and advanced phase 

of the SOX11-negative MCL, more studies are needed to better understand these tumors 

and the potential interest in the management of the patients (Jares et al., 2012). 

 

Figure 13. Immunohistochemical analysis of SOX11 gene in MCL. The cMCL (top, A, B, C) shows 
H&E staining (A), cyclin D1 expression (B), and a strong nuclear SOX11immunostaining (C), whereas 
the iMCL (bottom D, E, F) is also cyclin D1 positive (D) but the nuclei of the tumor cells are negative for 
SOX11 (F) (Fernandez et al., 2010).  
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1.3. The SOX family of transcription factors 

SOX genes encode a group of transcription factors that bind to the minor groove in 

DNA. In general, proteins containing a HMG domain with 50% or higher amino acid 

similarity to the HMG domain of Sry, the sex-determining gene chromosome Y, are 

referred to as Sox proteins (Sry-related HMG box). SOX proteins have a critical role in 

the determination of cell fate and differentiation in numerous processes, such as sex 

differentiation, skeletogenesis, and stemness (Wegner, 1999; Kiefer, 2007; Lefebvre et 

al., 2007). SOX family comprises 20 genes in human and mice and are divided into 

eight subgroups termed A to H, according to the degree of homology within and outside 

the HMG (Xu and Li, 2010). Individual members within a group share biochemical 

properties and thus have overlapping functions. In contrast, SOX factors from different 

groups have acquired distinct biological functions despite recognizing the same DNA 

consensus motifs (Sarkar and Hochedlinger, 2013). 

DNA binding  

SOX proteins bind sequence-specifically to DNA through a HMG domain, allowing 

them to function as transcription factors. HMG domain consists of approximately 80 

residues that form three alpha helices in a twisted L-shape structure (Bewley et al., 

1998). The concave surface of the L-shape binds the minor groove of the DNA (Figure 

14) (Dong et al., 2004). This domain is highly conserved among SOX factors, and all 

members appear to recognize a similar binding motif of 6-8 bases, 5'-T(A/T)-(A/T)-

CAA-(A/T)G-3'. Most SOX proteins also feature one or several other functional 

domains outside the HMG box. These domains have generally been highly conserved 

among orthologues as well as among members of the same group, and they are totally 

different among proteins from distinct groups. They include transactivation domain, 

transrepression and dimerization domains (Lefebvre et al., 2007).  
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Figure 14. Unique structural and functional features of the Sox HMG box domain. This domain is 
folded into an L-shape composed of three alpha helices. It contacts the DNA double helix in the minor 
groove and forces it to bend to an angle varying between 30◦ and 110◦. Two HMG box domains are 
shown binding in opposite orientation on DNA. Their alpha helices are shown as cylinders. Sequences N-
terminal and C-terminal to the HMG box domains and sequences linking the helices are shown as thin 
rods. The DNA bending angle is schematized above the HMG box domains (Lefebvre et al., 2007).  
 

SOX proteins also have the ability to bend DNA although this role has not been 

demonstrated for any SOX protein yet. Supporting the hypothesis that DNA bending is 

an essential SOX function, mutations in human SRY and SOX2 genes that selectively 

interfere with DNA bending have been described, and these mutation could cause a 

disease phenotype (Pontiggia et al., 1994; Scaffidi and Bianchi, 2001). The DNA 

bending angle induced by SOX proteins varies from as little as 30◦ up to as much as 

110◦, which has led to their qualification as “floppy” proteins (Weiss, 2001). This is due 

to the fact that the angular surface of the L-shaped HMG box domain is flexible. It 

becomes fixed upon binding of the SOX protein to DNA, with the SOX domain 

instructing DNA how to bend and DNA instructing the protein how to complete its 

tertiary fold (Lefebvre et al., 2007). 

It has been suggested that the function of SOX protein is at least partly architectural, 

allowing other transcription factors to bind to the major groove and bringing together 

regulatory elements and thereby facilitating the formation of protein complexes (Dong 

et al., 2004). In addition, it has been shown that sequences outside of the HMG box may 

facilitate interactions and influence the specificity of SOX proteins (Kamachi et al., 

1999; Wilson and Koopman, 2002).  

SOX proteins bind to DNA with relatively low affinity. To increase the binding strength 

to DNA and refine their target gene selection in different cellular contexts, SOX 

proteins often interact with other transcriptional regulators (Bergsland et al., 2011). 
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Several transcription factor proteins from a wide range of families have been found to 

partner with SOX proteins, either to activate or repress transcription from target 

promoters (Wilson and Koopman, 2002). The first target of the SOX gene family 

described is Fgf4, a gene specifically expressed in embryonic stem cells and embryonic 

carcinoma cells (Yuan et al., 1995). The enhancer of Fgf4 is characterized by adjacent 

recognition sites for SOX and POU domain proteins. Sox2 and the POU domain factor 

Oct3/4 are co-expressed in these cells and synergize in activating the enhancer of Fgf4 

gene. They form heterodimers with each other on DNA through their DNA-binding 

domains (Remenyi et al., 2003). Other evidence indicates that SOX proteins can also 

recruit transcriptional repressors to promoter sequences (Lefebvre et al., 2007).  

Several SOX protein groups have a potent transactivation domain in their C-terminal 

region, and this domain in Sox2 and Sox9 physically interacts with the transcriptional 

co-activator CBP/p300 (Nowling et al., 2003; Tsuda et al., 2003). These proteins must 

therefore contribute to the activity of enhanceosomes not only through architectural 

roles, but also through direct interaction with partners of the transcriptional machinery. 

SOX proteins of group D preset two highly conserved leucine-zipper coiled-coil 

domains, which mediate protein homodimerization in the absence or presence of DNA, 

resulting in high-efficiency binding adjacent recognition sites on DNA (Lefebvre et al., 

2007). 

In addition to binding to DNA and mediating interactions with transcription factor 

proteins, the HMG domain also contains signals for nuclear import. In order to regulate 

gene expression, transcription factors must be imported into the nucleus from the 

cytoplasm. This active process is mediated by a family of transporter proteins called 

importins, which recognize a nuclear localization signal (NLS) in their cargo. NLS 

sequences have been identified in both the amino and carboxyl termini of the HMG 

domain of SOX proteins (Poulat et al., 1995; Sudbeck and Scherer, 1997). Recently it 

has been demonstrated that nuclear import of SRY is mediated by importin β, which 

requires the HMG-domain carboxy-terminal NLS of SRY. The SOX NLS is conserved 

(Sudbeck and Scherer, 1997), and nuclear import via importin β is likely to be common 

to all SOX proteins. 

Summarizing three different classes of SOX protein–protein interactions can be 

described. Thus, SOX partners and co-factors can be divided into three groups: (a) 

DNA-binding proteins that partner with SOX proteins to regulate gene expression (these 
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interactions are likely to be specific to different SOX proteins); (b) adaptor proteins, 

linking SOX factors to other proteins; and (c) importins, required for the nuclear import 

of all SOX proteins (Figure 15) (Wilson and Koopman, 2002). 

 

Figure 15. Three different classes of SOX protein–protein interaction. SOX partners and co-factors 
can be divided into three groups: (A) DNA binding proteins that partner with SOX proteins to regulate 
gene expression; (B) adaptor proteins, linking SOX factors to other proteins; and (C) Importins, 
required for the nuclear import of all SOX proteins. Modified from (Wilson and Koopman, 2002). 

 

1.3.1. The role of SOX proteins in vivo 

SOX family of transcription factors are well-established regulators of cell fate decision 

during development. Accumulating evidence documents that they play additional roles 

in adult tissue homeostasis and regeneration. Forced expression of SOX factors, in 

combination with other proteins, reprogram differentiated cells into somatic or 

pluripotent stem cells. SOX2 is undoubtedly the SOX gene with highest stemness 

profile (Lefebvre et al., 2007). This protein functions cell-autonomously in both the 

epiblast and the extraembryonic ectoderm of the early embryo to maintain the 

pluripotency of the stem cells that later give rise to all embryonic and trophoblast cell 

types (Avilion et al., 2003). It is also required to maintain the pluripotency of embryonic 
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stem cells in vitro. Sox2 acts in synergy with the POU domain protein Oct3/4 to directly 

activate essential genes in embryonic stem cells, such as Fgf4 (Yuan et al., 1995). 

Moreover, it was recently shown to form a quartet of transcription factors together with 

Oct3/4, c-Myc, and Klf4 that is sufficient to induce pluripotent stem cell properties in 

embryonic and adult fibroblasts (Takahashi and Yamanaka, 2006). Thus, Sox2 is a 

stemness master gene (Lefebvre et al., 2007). 

Additionally, Sox2 binds to several other sites in the genome, giving rise to the 

hypothesis that it may also function as a pioneer factor in embrionic stem cells (ESCs). 

In concordance with such a function, Sox2 has recently been found in ESCs on several 

enhancers that become activated only later during B-cell development (Liber et al., 

2010). Although Sox2 is best known for its role in ESCs, it has numerous other 

functions during development, including a prominent one in neurogenesis (Wegner and 

Stolt, 2005; Pevny and Nicolis, 2010).  

The SOXC factors (SOX4, SOX11 and SOX12) are another set of SOX factors that are 

induced by preneuronal proteins as neuron precursors cells develop into mature neurons 

(Wegner, 2011). Gliogenesis (development of oligodendrocytes, astrocytes, and 

Schwann cells) in the central nervous system and peripheral nervous system relies on 

SoxE, and SoxD genes (Stolt et al., 2004; Stolt et al., 2005; Wegner and Stolt, 2005). 

Sox9 and, to a lesser extent, Sox8 specify the gliogenic fate of neuronal precursors. SOX 

factors are also involved in skeletogenesis, Sox9 has a master role in this process. In 

contrast to other developmental processes, few Sox proteins have been reported to be 

expressed and to have roles in hematopioiesis. Sox4 is highly expressed in the thymus 

and promotes pro-B lymphocyte expansion and T-lymphocyte differentiation (Schilham 

et al., 1997; Schilham et al., 1996). The SoxD gene Sox13 acts further downstream in 

the same pathway to promote delta-gamma T-cell development by TCF1 downstream of 

the Wnt signaling pathway, while opposing alpha-beta T-cell differentiation (Melichar 

et al., 2007). Sox13 works by inhibiting transactivation of lineage-specific genes. 

Another SoxD gene, Sox6, is expressed in mature erythroid cells (Lefebvre et al., 2007). 

1.3.2. SOX C transcriptional factors 

The group C of SOX transcription factors is constituted by Sox4, Sox11 and Sox12, 

which are single exon genes. Human SOX4, SOX11 and SOX12 proteins have 474, 441 

and 315 amino acids, respectively (Figure 16). 
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Figure 16. Schematic structure of human SOXC group proteins: SOX4 (474 aa), SOX11 (441 aa) and 
SOX12 (315 aa) highlighting the two functional domains in each protein. HMG, high mobility group; 
TAD, transactivation domain. 
 

They have two functional domains: a Sry-related HMG box DNA-binding domain, 

located in the N-terminal half of the protein, and a transactivation domain (TAD), 

located at the C-terminus. The HMG box is 84% identical across all vertebrate SOXC 

proteins (Dy et al., 2008). The Sox4 HMG box binds preferentially to the AACAAAG 

motif in electrophoretic mobility shift assay (EMSA) (van de Wetering et al., 1993), but 

Sox4, Sox11 and Sox12 also bind and transactivate reporters harboring such distantly 

related motifs as the GACAATAG and CACAATG sequences present in a bona fide 

Tubb3 target gene (Bergsland et al., 2006; Dy et al., 2008; Hoser et al., 2008). The SoxC 

proteins are able to cooperate with protein partners. Like the SoxB1 and SoxE proteins, 

they strongly synergize with the POU domain transcription factors Brn1 and Brn2 to 

activate an Fgf4 enhancer that contains adjacent Sox and POU domain binding sites 

(Kuhlbrodt et al., 1998; Dy et al., 2008). 

SOXC genes play critical roles in development. Sox4-null mice die at embryonic day 14 

(Schilham et al., 1996). Sox11-null mice die immediately after birth, from similar, but 

less severe, heart outflow tract malformation (Sock et al., 2004). In addition, they 

display multiple malformations, including microphthalmia with anterior segment 

dysgenesis (Wurm et al., 2008), open eyelids, cleft palate, cleft lips, hypoplastic lungs, 

asplenia, omphalocele, undermineralized skull and split lumbar vertebrae. Sox12-null 

mice have no obvious malformations and a normal lifespan and fertility (Hoser et al., 

2008).  

SOX gene family transcription factors of the C group have important sequential roles in 

regulating the maintenance and differentiation of progenitor cells from early pluripotent 

stages to late steps of neurogenesis (Guth and Wegner, 2008). 
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RNA interference (RNAi) knockdown of Sox4 and Sox11 in chick embryo neural tubes 

blocked neuronal gene expression while forced expression of Sox4, Sox11 or Sox12 

resulted in neuronal gene upregulation. Functional SoxC binding sites were also 

identified in the regulatory element of the pan-neuronal gene Tubb3, suggesting that this 

gene may be a direct target of the SoxC proteins (Bergsland et al., 2006; Hoser et al., 

2008). On the other hand, forced expression of Sox4 resulted in impaired 

oligodendrocyte differentiation in mice (Potzner et al., 2007), suggesting that the SoxC 

genes may both promote differentiation of progenitor cells into neurons and prevent 

differentiation into glia. Deletion of Sox4 or Sox11 in mice had little consequences on 

neurogenesis, arguing that SoxC proteins function redundantly in this process. On the 

other hand, simultaneous deletion of both SoxC factors led to massive apoptosis 

throughout the developing nervous system that predominantly affected immature 

neurons (Wegner, 2011). 

Sox4 is the only gene in the Sox family that has been found to have an important role in 

early B- and T-cell development (van de Wetering et al., 1993; Schilham et al., 1996). 

Sox4 is a prominent transcription factor in lymphocytes of both B- and T-cell lineages, 

and is crucial for B-lymphopoiesis, as Sox4-null hematopoietic cells grafted into wild-

type mice remain blocked at the pro-B-cell stage (Schilham et al., 1996), similar to that 

observed for PAX5 (Wegner, 1999). 

Other studies have suggested that the SOXC genes may also be important in specific cell 

lineages to promote cell proliferation or survival. Sox4 heterozygous adult mice develop 

osteopenia, with low osteoblast numbers and low-level expression of osteoblast 

markers, and Sox4 knockdown results in impaired proliferation and differentiation of 

osteoblasts in vitro (Nissen-Meyer et al., 2007). 

1.3.3. SOX11 biological functions 

The SOX11 gene is mapped at chromosome 2p25.3. Evidences suggest that SOX11 is 

critical for embryonic neurogenesis and tissue remodeling. SOX11 is normally 

expressed throughout the developing nervous system of human embryos and is required 

for neuron survival and neurite growth. Recently it has been demonstrated that 

neurogenesis depends on the ordered succession of a defined group of Sox proteins on a 

set of common target gene enhancers (Bergsland et al., 2011). Genome-wide binding 

maps of Sox factors in neural development, revealed that active neuronal and the 
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inactive neural precursor cell enhancers are occupied by Sox11 in young neurons, 

suggesting that Sox11 is not only involved in activating the neuronal enhancers, but 

may also help to shut off the enhancers of neural precursor cells (Bergsland et al., 

2011). Mature neurons lose SoxC expression, thus they can only be responsible for the 

induction and the early phases of neuronal gene expression, but not for maintenance 

(Wegner, 2011). 

The role of Sox11 in tissue remodeling has also been studied in a knock-out mouse 

model, showing several malformations, indicating that Sox11 is important for tissue 

remodeling and that mutated SOX11 in humans may potentially be associated with 

malformation syndromes. Furthermore, using RNAi knock-down in a neuroblastoma 

cell line and in cultured mouse dorsal root glia neurons, it has been observed that Sox11 

silencing modulated the levels of mRNA for several proteins related to cell survival and 

death, for instance increased expression of the pro-apoptotic gene BNIP3 and decreased 

expression of anti-apoptotic gene TANK (tumor necrosis factor, TNF, receptor-

associated factor family member-associated nuclear factor κB, NF-κB activator) 

(Jankowski et al., 2006).  

1.3.4. SOX11 in cancer 

Several clinical observations have suggested a link between SOX transcription factors 

and oncogenesis. SOX4 and SOX11 have been shown to be both highly expressed in 

most medulloblastomas, which are brain tumors derived from neuronal progenitors. 

Increased SOX4 expression is also associated with bladder (Aaboe et al., 2006), prostate 

(Liu et al., 2006), colon (Andersen et al., 2009), and non-small cell lung tumors 

(Medina et al., 2001). High expression of SOX11 was detected in gliomas (Weigle et al., 

2005), medulloblastoma (Lee et al., 2002), NHL (Wang et al., 2008) and epithelial 

ovarian tumors (Brennan et al., 2009; Sernbo et al., 2011).  

High level of SOX11 expression is associated with improved survival among high-

grade epithelial ovarian cancer (Sernbo et al., 2011). 

Recently, SOX11 was found highly expressed in breast cancer (Lopez et al., 2012). It 

was observed that patients with breast cancer expressing higher levels of SOX11 

showed a worse overall survival than those with tumors expressing lower levels 

(Zvelebil et al., 2013). It is possible that the SOX C genes have different effects on 

tumor cells depending on the context and primary transformation mechanism.  
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1.3.5. SOX11 in MCL 

SOX11 expression in MCL was described for the first time in 2008 (Ek et al., 2008) in a 

small cohort of patients. This transcription factor was found specifically expressed in 

the nucleus of MCL compared with other lymphomas (CLL, BL and DLBCL) and 

benign lymphoid tissues. The role of SOX11 in hematological development (both 

normal and malignant) is unclear, although SOX4 belonging to the same SOX protein 

group C, is required for B-cell differentiation. Strong nuclear expression of SOX11 was 

also detected by immunohistochemistry in lymphoblastic lymphomas (B and T), and 

some BL with weaker nuclear expression present in HCL (Dictor et al., 2009; Mozos et 

al., 2009).  

Since a subset of MCL patients with indolent clinical behavior was identified, goals of 

research have been to elucidate molecular pathogenesis of MCL to shed light on 

mechanisms driving the indolent form of MCL that occurs in a small proportion of 

patients and to identify the normal cell counterpart that may constitute the MCL cell of 

origin, thus clinical behavior of MCL may not be as homogeneous as initially thought.   

Despite the differences in the genetic and clinical characteristics between conventional 

MCL and the indolent form, both show the t(11;14)(q13;q32) translocation with cyclin 

D1 overexpression and share a similar global gene expression profile (Ondrejka et al., 

2011). However indolent and conventional MCLs differ in the expression of a small 

signature of 13 genes (Fernandez et al., 2010). SOX11 emerged as one of the best 

discriminatory gene between these two phenotypes. This transcription factor is usually 

not expressed in indolent MCLs but in all conventional MCL cases, suggesting its 

relevant role in the pathogenesis of the disease (Mozos et al., 2009; Ek et al., 2008; 

Ondrejka et al., 2011).  

The detection of SOX11 by immunohistochemistry or qRT-PCR in a larger series of 

patients has confirmed the relationships among its lack of expression, hypermutated 

IGHV, low karyotype complexity, non-nodal leukemic disease, and longer survival with 

stable disease in independent cohorts of patients (Royo et al., 2012; Navarro et al., 

2012; Ondrejka et al., 2011). Interestingly, SOX11 is highly expressed in both cyclin 

D1-negative and -positive MCLs, suggesting that this transcription factor could be a 

reliable biomarker that may be incorporated into routine MCL diagnosis, especially as 
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SOX11 can identify the rare cyclin D1-negative patients (Mozos et al., 2009; Royo et 

al., 2012; Salaverria et al., 2013).  

The role of SOX11 in predicting MCL prognosis remains apparently controversial. 

Recently, it has been observed that some SOX11-negative tumors may progress rapidly 

after diagnosis and have a poor prognosis (Nygren et al., 2012). Interestingly, further 

studies have shown that the aggressive behavior of SOX11-negative MCLs seems 

related to an extensive nodal disease, blastoid morphology, complex karyotypes, and 

17p/TP53 alterations (Royo et al., 2012; Navarro et al., 2012). One possible explanation 

for this apparent discordance is that the SOX11-negative cases with aggressive disease 

could correspond to a progressed or transformed stage with generalized 

lymphadenopathy of SOX11-negative tumors, suggesting this phenotype may have an 

indolent phase and eventually some of the tumors could progress with a generalized 

lymphadenopathy and aggressive behavior associated with acquisition of TP53 

mutations or other genetics events (Jares et al., 2012). 

Therefore, SOX11 expression by itself should not be considered a prognostic parameter 

but a biomarker that may help to recognize a particular subtype of MCL with different 

clinical and biological features than conventional MCLs (Jares et al., 2012). 
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1.4. The role of epigenetics in cancer 

1.4.1. Epigenetic features of normal cells 

Epigenetics encompasses hereditable alterations in gene expression and chromatin 

without accompanying changes in the DNA sequence. Epigenetic events are crucial in 

the control of both normal cellular processes and abnormal events associated with 

cancer development (Esteller, 2008).  

Major epigenetic mechanisms include DNA methylation, covalent post-translational 

modification of histones proteins, and RNA-mediated gene silencing. 

DNA methlylation has critical roles in the control of gene activity and the architecture 

of the nucleus of the cell. In humans, DNA methylation occurs in cytosines that precede 

guanines; these are called dinucleotide CpGs distributed in regions known as CpG 

islands which span the 5’-end of the regulatory region of many genes (Figure 17) 

(Herman and Baylin, 2003; Weber et al., 2007).  
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Figure 17. (A) DNA methylation occurs in cytosines that precede guanines, called dinucleotide CpG 
known as CpG islands. (B) In normal cells, CpG islands are localized in the 5'-end of regulatory regions 
of many genes. Unmethylated CpGs are associated with active transcription, whereas methylated CpGs 
are associated with repression of transcription. 
 

On the other end, histones participate in the regulation of gene expression storing 

epigenetic information through such post-translational modifications as lysine 

acetylation, arginine and lysine methylation and serine phosphorylation. These 

modifications affect gene transcription and DNA repair. It has been proposed that 

distinct histone modifications form a "histone code" (Figure 18) (Jenuwein and Allis, 

2001). Acetylation of histone lysines, for example, is generally associated with 

transcriptional activation. The functional consequences of the methylation of histones 
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depends on the type of residue -lysine (K) or -arginine (R) and the specific site that the 

methylation modifies (e.g., K4, K9, or K20) (Mack, 2006; Bernstein et al., 2007). 

Methylation of H3 at K4 is closely linked to transcriptional activation (Karpf and 

Matsui, 2005), whereas methylation of H3 at K9 or K27 and H4 at K20 is associated 

with transcriptional repression. This pattern of DNA methylation and histone 

modifications is essential for the physiological activities of cells and tissues (Esteller, 

2008). 

 

Figure 18. Histone-modification code for a typical chromosome in normal cells. Left, activating 
histone marks associated with active transcription, localized in a gene rich region. Right, inactivating 
histone marks associated with repression of transcription mapped in heterocromatin (Esteller, 2007). 

 

DNA methylation and Histone acetylation in the control of gene transcription 

Cytosine methylation plays an important role in a number of central cellular functions. 

Methylation is carried out by two types of DNA methyltransferases (DNMTs): de novo 

and maintenance methyltransferases. Methylation patterns are established during early 

development by de novo methyltransferases DNMT3A and DNMT3B and propagated 

with extreme fidelity by the maintenance methyltransferase DNMT1 (Bird, 2002; Colot 

and Rossignol, 1999; Reik et al., 1999). Methylation marks are concentrated in 

transposons and repetitive sequences but are virtually absent at gene promoter regions, 

except for certain imprinted genes and genes on the inactive X chromosome in female 

(Jaenisch and Bird, 2003). However, CpGs islands typically unmethylated in normal 

cells are often hypermethylated in tumor cells, a finding associated with abnormal 

silencing of tumor suppressor genes and other cancer associated genes. Thus, alteration 

of methylation patterns leads to malignant transformation (Vaissiere et al., 2008).  
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Histone acetylation is a reversible modification of specific residues in histone tails and 

is controlled by histone acetylases (HATs) and histone decetylaces (HDACs) that 

typically act as transcriptional co-activators and co-repressors, respectively (Vaissiere et 

al., 2008). While global histone aceylation correlates with general transcriptional 

activity, promoter-specific acetylation is a critical mechanism to control specific gene 

activation (Gottesfeld and Forbes, 1997). Histone acetylation affects not only chromatin 

structure but also the interaction of transcription-regulatory proteins with target DNA in 

chromatin, modulating gene expression at different levels. For instance, removal of 

acetyl groups by HDAC results in compactation of chromatin structure and thus 

repression of gene transcription. Furthermore, low levels of hystone acetylation may 

also induce another epigenetic modification, e.g. DNA methylation, leading to a 

permanent gene silencing. Deregulation of histone acetylation can lead to aberrant gene 

expression and tumorigenesis (Cairns, 2001; Yang, 2004).  

Recent studies suggested that an intimate communication and mutual dependence exists 

between histone acetylation and DNA methylation in the process of gene silencing. 

Communication between histone acetylation and cytosine methylation may proceed in 

both directions. In one scenario, DNA methylation may be the pimary mark for gene 

silencing that triggers events leading to non-permissive chromatin state. In the other 

scenario, the loss of histone acetylation may serve as the initial event of gene silencing, 

which is followed by DNA methylase targeting and inducing local DNA 

hypermethylation (Vaissiere et al., 2008). 

Epigenetic modification in Embrionic Stem cells  

Human ESCs were shown to possess a unique DNA methylation signature when 

compared to differentiated cells and cancer cells. The pluripotency-associated genes 

OCT4 and NANOG are largely unmethylated in ESCs and in iPSCs (induced 

pluripotent stem cells), and methylated in differentiated cells (Mitsui et al., 2003; Okita 

et al., 2007). A genome-wide DNA methylation approach to map the methylation status 

of 11,201 proximal promoters in mouse ESCs revealed that the majority of 

unmethylated genes corresponded to general cellular functions, whereas the set of 

methylated genes was enriched for differentiation-associated genes (Fouse et al., 2008). 

Histone tail modification patterns have been largely studied in developmental processes. 

Interestingly, the analysis of histone modifications in ESCs has generated genome-wide 
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location maps of H3K27me3 and H3K4me3 (Bernstein et al., 2006; Mikkelsen et al., 

2007), catalyzed by Polycomb and Trithorax complexes, respectively (Schuettengruber 

et al., 2007). These studies indicate that many promoters exhibit a bivalent chromatin 

signature characterized by the joint presence of active chromatin marks, such as 

H3K4me3, and repressive ones, like H3K27me3 (Vastenhouw and Schier, 2012). These 

‘bivalent’ chromatin domains often mark lineage-regulatory genes. It has been proposed 

that bivalent domains might repress lineage control genes (H3K27me3) during 

pluripotency while keeping them poised for activation upon differentiation (H3K4me3). 

In this model, H3K27me3-mediated repression of developmental control genes might 

protect cells from the aberrant expression of lineage regulators and thus help to maintain 

pluripotency (Zhao et al., 2007; Pan et al., 2007).  

During differentiation into specific cell types, continued association with H3K27me3 

might maintain the repression of the majority of developmental control genes while 

only a specific subset of regulators is activated in a given lineage. Conversely, it has 

been proposed that H3K4me3 might poise developmental regulators for activation. 

H3K4me3 might also protect genes from permanent silencing, for example by repelling 

transcriptional repressors or blocking DNA methylation (Fouse et al., 2008). Thus, it is 

possible that bivalent domains convey temporal and spatial precision to the expression 

of lineage control genes during pluripotency and differentiation (Vastenhouw and 

Schier, 2012). 

1.4.2. Epigenetics in cancer 

Hypermethylation of the CpG islands in the promoter regions of tumor suppressor genes 

is a major event in the origin of many cancers. Throughout epigenetic studies in the last 

years, aberrant DNA hypermethylation has been described in many human suppressor 

genes providing new insights into the molecular comprehension of mechanisms of 

carcinogenesis. The first gene reported was RB tumor suppressor-gene (Greger et al., 

1989; Sakai et al., 1991), followed by tumor-suppressor genes VHL (associated with 

von Hippel-Lindau disease) (Herman et al., 1994), p16 INK4a (Merlo et al., 1995; 

Herman et al., 1995; Gonzalez-Zulueta et al., 1995) and BRCA1 (breast-cancer 

susceptibility gene 1) (Herman and Baylin, 2003; Esteller et al., 2000).  
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Hypermenthylation of the CpGs-island promoter can affect genes involved in cell cycle, 

DNA repair, metabolism of carcinogens, cell-to-cell interaction, apoptosis and 

angiogenesis, all of which are involved in cancer development (Esteller, 2008).  

In the DNA methylation scenario, abnormal DNA hypomethylation also contributes to 

oncogenic transformation or tumor progression. Tumors display an overall DNA 

hypomethylation compared with the level of DNA methylation in their normal-tissue 

counterparts. The loss of methylation is mainly due to hypomethylation of repetitive 

DNA sequences and demethylation of coding regions and introns (Figure 19) (Feinberg 

and Tycko, 2004).  
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Figure 19. Altered DNA-methylation patterns in tumorigenesis. (A) The hypermethylation of CpG 
islands of tumour suppressor genes is a common alteration in cancer cells, and leads to the transcriptional 
inactivation of these genes and the loss of their normal cellular functions. (B) Global hypomethylation at 
repetitive sequences contribute to cancer cell phenotype by increasing genomic instability that 
characterizes tumors. 
 

DNA hypomethylation can contribute to the development of a cancer cell through three 

main mechanisms: generation of chromosomal instability, reactivation of transposable 

elements, and loss of imprinting (Esteller, 2008). Undermethylation of DNA can favor 

mitotic recombination, leading to delections and translocations, and it can also promote 
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chromosomal rearrangements. This mechanism was observed in studies in which the 

depletion of DNA methylation by DNMTs knock-out caused aneuploidy (Karpf and 

Matsui, 2005). 

Epigenetic landscape encompasses covalent modifications of histones that can control 

gene activity. Altered histone modification patterns have been implicated in many 

human cancers (Cairns, 2001; Wolffe, 2001; Yang, 2004). Hypermethylation of the 

CpG islands in the promoter regions of tumor-suppressor genes in cancer cells is 

associated with a particular combination of histone marks: deacetylation of histones H3 

and H4, loss of H3K4 trimethylation, and gain of H3K9 dimethylation and H3K27 

trimethylation (Figure 20) (Ballestar et al., 2003; Jones and Baylin, 2007). 
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Figure 20. Histone-modification marks for cancer cells. In cancer cells histone modification patterns 
result altered by the loss of the ‘active’ histone marks on gene-rich regions, for instance at tumour-
suppressor gene promoters, and by the loss of repressive marks at repeated DNA sequences (subtelomeric 
regions) (Esteller, 2007).  
 

The presence of the hypo-acetylated and hypermethylated histones H3 and H4 silences 

certain genes with tumor-suppressor–like properties, such as p21WAF1 (Richon et al., 

2000), despite the absence of hypermethylation of the CpG island. In human tumors 

generally, modifications of histone H4 lead to a loss of monoacetylated and 

trimethylated forms. These changes appear early and accumulate during the 

development of the tumor (Fraga et al., 2005). The losses occur predominantly at the 

monoacetylated Lys16 and trimethylated Lys20 residues of histone H4 in association 

with hypomethylated repetitive DNA sequences (Fraga et al., 2005). 

Genetic alterations in chromatin modifier genes are one of the major responsible of the 

aberrant epigenetic scenario of the cancer cell. Expression patterns of histone-modifying 
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enzymes distinguish cancer tissues from their normal counterparts, and they differ 

according to tumor type (Ozdag et al., 2006). 

In leukemias and sarcomas, chromosomal translocations that involve histone-modifier 

genes, such as histone acetyltransferases (e.g., cyclic AMP response-element binding 

protein [CREB]-binding [CREBBP], protein-monocytic leukemia zinc finger [CBP-

MOZ]) and histone methyltransferases (e.g., mixed-lineage leukemia 1 [MLL1], 

nuclear-receptor binding SET-domain protein 1 [NSD1], and nuclear-receptor binding 

SET-domain protein 3 [NSD3]), create aberrant fusion proteins (Esteller, 2006). 

In solid tumors, there is amplification of genes coding for histone methyltransferases 

such as EZH2, MLL2, or NSD3 (Bracken et al., 2003) or a demethylase (e.g., Jumonji 

domain-containing protein 2C [JMJD2C/GASC1]) (Cloos et al., 2006). 

Gene Alteration Tumour type 
DNA methyltransferases  

DNMT1  Overexpression  Multiple types  

DNMT3b  Overexpression  Multiple types  

Methyl-CpG-binding proteins  

MeCP2  Overexpression, rare mutations  Multiple types  

MBD1  Overexpression, rare mutations  Multiple types  

MBD2  Overexpression, rare mutations  Multiple types  

MBD3  Overexpression, rare mutations  Multiple types  

MBD4  
Inactivating mutations in 
microsatellite instable tumours  Colon, stomach, endometrium  

Histone acetyltransferases  

p300  
Mutations in microsatellite instable 
tumours  Colon, stomach, endometrium  

CBP  Mutations, translocations, deletions  
Colon, stomach, endometrium, lung, 
leukaemia  

pCAF  Rare mutations  Colon  

MOZ  Translocations  Haematological malignancies  

Histone deacetylases  

HDAC1  Aberrant expression  Multiple types  

HDAC2  
Aberrant expression, mutations in 
microsatellite instable tumours Multiple types  

Histone methyltransferases  

MLL1  Translocation  Haematological malignancies  

MLL2  Gene amplification  Glioma, pancreas  

MLL3  Deletion  Leukaemia  

NSD1  Translocation  Leukaemia  

EZH2  Gene amplification, overexpression  Multiple types  
 
Table 3. Disrupted DNA methylation and histone-modification genes in cancer (Esteller, 2007). 
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In a recent study, RNA-seq technology has revealed frequent mutations in two histone-

modifying genes, MLL2 and MEF2B, in non-Hodgkin lymphoma. These findings 

indicate that post-transcriptional modification of histones is of key importance in 

germinal centre B-cells. The identified mutations can likely deregulate histone 

modification patterns reducing acetylation and enhancing methylation, and they act as 

core driver events in the development of NHL (Morin et al., 2011). 

In mammalians, microRNAs (miRNAs) represent another important epigenetic 

mechanism that regulates around 60% of the transcriptional activity of protein-encoding 

genes (Figure 21). These short 22-nucleotides, noncoding RNAs pair to sequence-

specific base in the 3'-UTR of the target mRNAs. The result is mRNA degradation or 

inhibitor of translation (He and Hannon, 2004). Patterns of miRNAs expression are 

tightly regulated and play important roles in cell proliferation, apoptosis and 

differentiation (He and Hannon, 2004).  

 

Figure 21. miRNAs are involved in transcriptional and post-transcriptional regulation of gene 
expression. Gene silencing may occur through three main mechanisms: (A) mRNA degradation, (B) 
inhibition of mRNA translation, (C) direct interaction with DNA (Bartel, 2009). 
 

Some miRNAs have also been found to undergo methylation-associated silencing in 

cancerous cells (Chen, 2005; Calin and Croce, 2006a; Lu et al., 2005). Let-7 and 

miR15/16 play important roles in down-regulating RAS and BCL2 oncogenes, and their 

silencing has been found in cancer cells (Johnson et al., 2005; Cimmino et al., 2005). 

DNA hypermethylation in the miRNA 5'-regulatory region is a mechanism that can 

cause the down-regulation of miRNAs in tumors. In colon-cancer cells with disrupted 

DNMTs, hypermethylation of the CpG island does not occur in miRNAs. The 

methylation silencing of miR-124a also causes activation of the CDK6 oncogene, and it 

is a common epigenetic lesion in tumors (Saito et al., 2006; Lujambio et al., 2007). 

1.4.3. Epigenetics in MCL 

Epigenetic changes, such as methylation of gene promoters, have been shown to 

contribute to the pathogenesis of both solid and hematologic malignancies (Jones and 

A 
A 

B

B

C
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Baylin, 2007). Single-locus studies analyzing methylation in MCL patient samples have 

shown hypermethylation of key genes, such as cell-cycle regulators p14ARF and 

CDKN2A (Hutter et al., 2006; Chim et al., 2007), protein phosphatase SHP-1 (Chim et 

al., 2004) and Rho–adenosine triphosphatase PARG-1 (Ripperger et al., 2007).  

Methylation profiling of MCL revealed 252 hypermethylated genes. Five genes (SOX9, 

HOXA9, AHR, NR2F2 and ROBO1) correlated with higher proliferation, increased 

number of chromosomal alterations and shorter survival of patients (Enjuanes et al., 

2011). Further studies using genome-wide HELP assay and NimblegenRoche 

methylation arrays reported differences in methylation between 22 primary MCLs and 

10 purified fractions of IgD+ B-cell controls, the putative normal counterparts of these 

malignant cells (Leshchenko et al., 2010). On a global scale, primary MCLs 

demonstrated predominantly hypomethylation with locus-specific hypermethylation 

involving tumor suppressor genes. Among 1413 genes differentially methylated and 

correlated with gene expression data, eight genes were considered relevant to MCL 

cancer biology. These included four hypermethylated genes (PCDH8, MLF1, HOXD8, 

and CDKN2B) and four hypomethylated genes (CD37, HDAC1, NOTCH1, and 

CDK5), involved in key cellular regulatory pathways such as cell cycle, DNA damage 

response and cell cycle checkpoint activation (Leshchenko et al., 2010).  

Aberrant methylation in MCL may contribute to lymphomagenesis through genomic 

instability, activation of oncogenes or repression of tumor suppressor genes.  

Chromosomal alterations which lead to aberrant histone modification patterns can also 

cause genomic instability, resulting in the aberrant expression of oncogenes or 

repression of tumor suppressor genes, concurrently contributing to the pathogenesis of 

MCL.  

Proteins belonging to the Polycomb group (PcG) are epigenetic silencers that regulate 

lymphopoiesis by forming multimeric complexes that bind and remodel chromatin, thus 

regulating gene activity (Sparmann and van, 2006). Some PcG genes have been 

implicated in lymphomagenesis (Raaphorst, 2005). Forced expression of the PcG 

protein BMI1 in lymphocytes was associated with lymphoma generation, whereas BMI1 

gene is amplified and over-expressed in MCL and in other B-cell lymphomas 

(Raaphorst, 2005; Jacobs et al., 1999; Bea et al., 2001). BMI1 has essential roles in 

regulating proliferation and self-renewal of both normal and leukemic stem cells 
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(Lessard and Sauvageau, 2003). These findings highlight a potential critical 

characteristic of mutated BMI1 in lymphomagenesis by reprogramming pre-malignant 

lymphocytes bearing different chromosomal rearrangements into lymphoma-originating 

cells.  

Protein arginine methyltransferase PRMT5 interacts with human SWI/SNF complexes 

and methylates histones H3R8 and H4R3 (Pal et al., 2007). PRMT5 is overexpressed in 

primary MCLs and acts concertedly with HDAC2, methyl CpG-binding domain protein 

2 (MBD2) and DNMT3a to silence genes with anti-cancer and immune modulatory 

activities (Pal et al., 2003). siRNA-mediated knockdown of PRMT5 in MCL cell lines 

led to growth arrest and apoptosis (Pal et al., 2007). 

Post-transcriptional miRNAs expression deregulation has also been described in many 

types of neoplasms and has proven to be useful as biomarkers for diagnosis (Huppi et 

al., 2007; Calin and Croce, 2006b). Some cancer-related miRNAs are also casually 

involved in oncogenesis due to their impact in the deregulation of oncogenes and tumor 

suppressor genes (Fabbri and Croce, 2011). Recent studies have investigate the 

miRNAs profile of MCL and have identified subsets of miRNAs related to the 

prognosis of the patients and the potential regulation of pathogenic pathway (Di et al., 

2010; Zhao et al., 2010; Iqbal et al., 2012). An additional study identified a group of 17 

miRNAs differentially expressed between the conventional and indolent subtype of 

MCL related also to IGHV mutational status, SOX11 expression, nodal presentation and 

number of chromosomal alterations (Navarro et al., 2013). These differentially 

expressed miRNAs seem to regulate different pathways relevant for MCL pathogenesis 

such as DNA damage response (Navarro et al., 2013). Furthermore, miR-34a 

downregulation was found associated with poor prognosis jointly with high MYC 

expression (Navarro et al., 2013). 

In recent years, studies addressing epigenetic mechanisms in MCL raised the hypothesis 

that epigenetic modifications, at both DNA methylation and histone modification levels, 

but also miRNAs may play an important and indispensable role in the pathogenesis of 

MCL. Epigenetic modifications imply that MCL can epigenetically silence and activate 

genes that support its survival. As DNA methylation and histone modification are 

reversible, this provides a rationale for the use of epigenetic specific drugs to treat this 

disease.  
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2. AIMS OF THE PRESENT STUDY 

The overall aims of the present study were: 

I. To study the epigenetic events that lead to SOX11 overexpression in MCL associated 

with lymphomagenesis and tumor progression. 

II. To identify and to characterize signalling pathways regulated by SOX11 using 

different strategies, aiming for a better understanding of the pathogenesis of aggressive 

MCL, and to find potential candidates for targeted therapies.  

Hypothesis I 

Compared with other lymphoma subtypes, MCLs harbor high number of genetic 

aberrations but none involving the SOX11 genomic region at chromosome 2p25. As no 

chromosomal changes affecting SOX11 locus were identified in MCL, we hypothesized 

that epigenetic events could be the most likely mechanisms involved in SOX11 aberrant 

overexpression. 

Aims of paper I 

The specific aims of paper I were:  

a. To perform a comprehensive study on SOX11 gene expression in stem cells, normal 

hematopoietic cells and different lymphoid neoplasms through gene expression array 

and qRT-PCR.  

b. To study DNA-methylation and histone modification patterns of SOX11 promoter in 

a broad spectrum of normal B-cell types and different aggressive lymphomas. 

c. To determine the influence of either DNA methylation or histone modification 

patterns in regulating SOX11 expression in B-cell lymphomas. 

d. To study putative molecular mechanisms leading to SOX11 aberrant expression in B-

cell lymphomas using bioinformatic analysis. 

 

Hypothesis II 

SOX11 has no known lymphopoietic function and it is neither expressed in lymphoid 

progenitors nor in mature normal B-cells. SOX11 upregulation has been detected in 

various types of human solid tumors and it is expressed in virtually all aggressive 
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MCLs, and at lower levels in a subgroup of BLs and ALLs but not in other lymphoid 

neoplasms.  

In a gene expression profiling study we identified SOX11 as one of the best 

discriminatory genes between conventional and indolent MCL tumors. An expanded 

study of SOX11 protein and mRNA expression in an independent large series of MCL 

confirmed that its negativity was associated with a significant better outcome than 

SOX11-positive MCLs, suggesting that SOX11 may be an important element in the 

pathogenesis of this tumor. However, the function of SOX11 and its potential target 

genes in lymphoid cells remain unknown.  

The goal of our study was to identify the spectrum of genes regulated by SOX11 in 

malignant lymphoid cells and provide insights on how the constitutive overexpression 

of SOX11 may contribute to the oncogenic development of this aggressive type of 

malignant lymphoma.  

Aims of paper II 

The specific aims of paper II were:  

a. To investigate the potential tumorigenic ability of SOX11 in a MCL-xenotransplant 

model. 

b. To identify target genes and transcription programs regulated by SOX11 in MCL 

combining genome-wide promoter analysis and gene expression profiling upon SOX11 

silencing in MCL cell lines.  

c. To study the phenotype associated to the loss of SOX11 expression in MCL cell lines. 

d. To study the putative oncogenic pathways regulated by SOX11 in primary MCL 

tumors.  
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3. RESULTS 

3.1. Paper I 

Epigenetic activation of SOX11 in lymphoid neoplasms by histone modifications. 

Abstract 

Recent studies have shown aberrant expression of SOX11 in various types of aggressive 

B-cell neoplasms. To elucidate the molecular mechanisms leading to such deregulation, 

we performed a comprehensive SOX11 gene expression and epigenetic study in stem 

cells, normal hematopoietic cells and different lymphoid neoplasms. We observed that 

SOX11 expression is associated with unmethylated DNA and presence of activating 

histone marks (H3K9/14Ac and H3K4me3) in embryonic stem cells and some 

aggressive B-cell neoplasms. In contrast, adult stem cells, normal hematopoietic cells 

and other lymphoid neoplasms do not express SOX11. Such repression was associated 

with silencing histone marks H3K9me2 and H3K27me3. The SOX11 promoter of non-

malignant cells was consistently unmethylated whereas lymphoid neoplasms with 

silenced SOX11 tended to acquire DNA hypermethylation. SOX11 silencing in cell 

lines was reversed by the histone deacetylase inhibitor SAHA but not by the DNA 

methyltransferase inhibitor AZA. These data indicate that, although DNA 

hypermethylation of SOX11 is frequent in lymphoid neoplasms, it seems to be 

functionally inert, as SOX11 is already silenced in the hematopoietic system. In 

contrast, the pathogenic role of SOX11 is associated with its de novo expression in 

some aggressive lymphoid malignancies, which is mediated by a shift from inactivating 

to activating histone modifications. 
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3.2. Paper II 

SOX11 regulates PAX5 expression and blocks terminal B-cell differentiation in 

aggressive mantle cell lymphoma. 

Abstract 

Mantle cell lymphoma (MCL) is one of the most aggressive lymphoid neoplasms whose 

pathogenesis is not fully understood. The neural transcription factor SOX11 is 

overexpressed in most MCL but is not detected in other mature B-cell lymphomas or 

normal lymphoid cells. The specific expression of SOX11 in MCL suggests that it may 

be an important element in the development of this tumor, but its potential function is 

not known. Here, we show that SOX11 promotes tumor growth in a MCL-

xenotransplant mouse model. Using chromatin immunoprecipitation microarray 

analysis combined with gene expression profiling upon SOX11 knockdown, we identify 

target genes and transcriptional programs regulated by SOX11 including the block of 

mature B-cell differentiation, modulation of cell cycle, apoptosis, and stem cell 

development. PAX5 emerges as one of the major SOX11 direct targets. SOX11 

silencing downregulates PAX5, induces BLIMP1 expression, and promotes the shift 

from a mature B-cell into the initial plasmacytic differentiation phenotype in both 

primary tumor cells and an in vitro model. Our results suggest that SOX11 contributes 

to tumor development by altering the terminal B-cell differentiation program of MCL 

and provide perspectives that may have clinical implications in the diagnosis and design 

of new therapeutic strategies. 
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4. DISCUSSION 

4.1. Paper I 

SOX11 expression is activated by histone modification marks in MCL 

In this study, we sought to enhance our understanding of the biology of MCL through 

the characterization of SOX11 function, a transcription factor highly expressed in most 

aggressive MCL and absent in a small subset of MCL patients with indolent clinical 

behavior (Fernandez et al., 2010; Royo et al., 2012).  

Our first objective, reached in paper I, was to study the molecular mechanisms leading 

to the aberrant expression of SOX11 in MCL. To achieve this goal, we performed a 

comprehensive SOX11 gene expression and epigenetic study in stem cells, normal 

hematopoietic cells and different lymphoid neoplasms. MCLs harbor high number of 

genetic aberrations but none involving the SOX11 genomic region at chromosome 2p25 

(Royo et al., 2011), suggesting that epigenetic changes, like DNA methylation and 

histone modifications, are the most likely mechanisms responsible for its expression in 

this lymphoid neoplasm.  

Although the role of SOX11 in hematopoiesis remains unknown, its expression has 

been observed in several aggressive B-cell lymphomas; it is highly expressed in MCL, 

in a particular subtype of ALL and in some BL. Conversely, patients with indolent 

variant of MCL, and other mature B-cell neoplasias such as CLL, FL or DLBCL do not 

express SOX11 (Ek et al., 2008; Dictor et al., 2009).  

In paper I, we first gathered SOX11 expression data via microarray and qRT-PCR in a 

broad range of lymphoid malignancies as well as in embryonic/adult stem cells and 

normal hematopoietic cells.  

Interestingly, high SOX11 expression level was detected in non-tumoral cells like ESCs 

and in the embryonic cell line NTERA-2. However, SOX11 lost its expression in adult 

progenitor cell type like in MAPCs and MSCs, and all normal hematopoietic cells 

studied. In contrast, lymphoid malignancies clearly showed a differential SOX11 

expression pattern among different clinicopathological diseases. In particular, SOX11 

was expressed in some subtypes of ALLs (TEL-AML1-positive or with E2A 
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rearrangements), MCLs and part of BLs, but not in any of the other neoplasias analyzed, 

including the indolent variant of MCL.  

As DNA methylation is the most extensively studied epigenetic mechanism leading to 

deregulated gene expression in cancer (Esteller, 2008; Jones and Baylin, 2007), we 

initially analyzed the methylation pattern of SOX11 promoter by microarrays (Bibikova 

et al., 2009) and bisulfite pyrosequencing (Tost and Gut, 2007). As expected, our 

findings showed that those samples expressing SOX11 were unmethylated. 

Intriguingly, we observed that adult stem cells and normal hematopoietic cells, lacking 

SOX11 expression, were consistently unmethylated. In some lymphoid neoplasms 

without SOX11 expression, this gene acquires variable degrees of DNA methylation. 

These findings were in line with the DNA methylation of SOX11 recently reported in 

CLL, FL and DLBCL (Gustavsson et al., 2010; Tong et al., 2010).  

In our series, although SOX11 was silenced in all cases showing promoter methylation, 

a wide range of samples, from normal cells to some lymphoid neoplasms, were also 

silenced independently of DNA methylation status of SOX11 promoter.  

Thus, de novo repression in lymphoid neoplasms is unlikely to be caused by DNA 

methylation, that it might not be functionally relevant.  

Previous studies combining epigenomic and transcriptomic analysis have demonstrated 

that a large proportion of the genes becoming hypermethylated in solid tumors (Keshet 

et al., 2006) and aggressive B-cell lymphomas (Martin-Subero et al., 2009b) are already 

silenced in their normal cellular counterparts. This finding could be explained by a 

switch of epigenetic marks between normal cells and tumor samples (Gal-Yam et al., 

2008). As DNA methylation is considered to be a very stable epigenetic modification 

rather than histone marks, it has been hypothesized that tumors reduce their epigenetic 

plasticity of hypermethylating genes silenced by histone marks in normal cells (Gal-

Yam et al., 2008). 

In order to gain further insights into SOX11 expression patterns observed in stem cells, 

normal hematopoietic cells and lymphoid neoplasms, we performed ChIP followed by 

qPCR experiments with antibodies against activating and silencing histone marks.  

We observed that SOX11 expression is associated with histone active marks in all the 

analyzed samples. In the embryonic cell line NTERA-2, SOX11 was found expressed 

and its promoter displayed enrichment for the activating marks H3K4me3 and 
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H3K9/K14Ac. Interestingly, a B-ALL subtype with TEL-ALM1 fusion (REH cell line) 

and all cMCLs studied showed the same pattern of activation of SOX11 as in 

embryonic stem cells, i.e. enrichment for H3K4me3 and H3K9/K14Ac. This finding is 

in line with studies proposing that haematological neoplasms acquire chromatin features 

similar to stem cells (Martin-Subero et al., 2009a; Martin-Subero et al., 2009b). 

In samples with SOX11 repression, including adult stem cells, normal hematopoietic 

cells and various lymphoid malignancies, we observed that SOX11 promoter was 

enriched for the silencing marks H3K9me2 and H3K27me3.  

Furthermore, to study the causal relationship between SOX11 expression and epigenetic 

marks, we performed treatments with AZA (5-azacytidine) and/or SAHA 

(suberoylanilide hydroxamic acid), which inhibit DNA methylation and histone 

deacetylation enzymes, respectively. SAHA caused upregulation of SOX11 expression 

in both JVM2 and RAJI cells, independent of the distinct promoter methylation status in 

these cell lines. However, treatment with AZA, although decreased the DNA 

methylation levels, did neither alter the pattern of histone modifications nor had any 

effect on the SOX11 gene expression levels in RAJI. 

Overall, these findings show that SOX11 expression is associated with activating 

histone marks whereas SOX11 repression is associated with inactivating marks with or 

without the simultaneous presence of DNA methylation.  

Our data show that the pathogenic effect of SOX11 in lymphoid neoplasias is most 

likely due to its aberrant expression associated with activating histone marks in some 

aggressive B-cell neoplasms. Theoretically, such upregulation could be explained either 

by a memory of the initial cell from which these neoplasms were originated or by its de 

novo expression. The first hypothesis postulates that SOX11 is expressed in a limited 

window during B-cell ontogenesis, and that MCLs and some ALLs may derive from 

such cell type. However, SOX11 is not expressed in any of the normal human 

hematopoietic cells analyzed, from stem cells to plasma cells.  

Additionally, we have performed a more detailed bioinformatic analysis using different 

mouse hematopoietic cell types derived from the Immunological Genome Project (Heng 

and Painter, 2008). Using this dataset, SOX11 was not expressed in any of the over 100 

hematological cell types studied. Therefore, this first hypothesis cannot be supported by 

experimental data and a de novo SOX11 expression caused by a switch from 
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inactivating to activating histone modifications is the most likely explanation. 

Supporting this view is the fact that reprogramming hematopoietic cells to iPS by 

inducing expression of OCT4, SOX2, KLF4, and MYC (Loh et al., 2010), or only 

OCT4 and SOX2 (Giorgetti et al., 2009) leads to a de novo expression of SOX11. Thus, 

it is likely to hypothesize that genetic or epigenetic changes affecting SOX11 regulators 

take place in lymphoid neoplasms and result in aberrant de novo SOX11 expression 

(Figure 1).  

 

Figure 1. Hypothesis of SOX11 aberrant expression in MCL. Normal CD19+ B-cell exhibits 
unmethylated SOX11 promoter, enrichment of repressive histone marks (H3K27me3 and H3K9me2) and 
do not express SOX11. In mantle cell lymphoma cell, unknown alterations cause a switch of histone 
marks from inactive to active ones (H3K9/14Ac and H3K4me3) resulting in an ‘open’ chromatin state 
which leads to de novo aberrant overexpression of SOX11 associated with aggressive phenotype. 
 

In the case of TEL-AML1-positive B-ALLs it might be that such fusion protein induces 

SOX11 expression. A recent publication has characterized the transcriptome of cord 

blood cells after introducing the TEL-AML1 fusion gene (Hong et al., 2008). We 

extracted SOX11 expression from this study and verified that its expression did not 

change from wild-type cord blood cells to TEL-AML1 transfected cells. In the case of 

MCL, CCND1 expression derived from the t(11;14) translocation cannot lead to SOX11 
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expression, as indolent forms of MCL, that also contain the t(11;14) translocation, do 

not express SOX11 (Salaverria et al., 2008).  

Therefore, the upstream mechanisms inducing an open chromatin conformation and 

subsequent oncogenic upregulation of SOX11 remain unknown. 

In conclusion, our data provide a thorough investigation of SOX11 expression and 

epigenetic state during lymphoid development and in several lymphoid malignancies. 

As SOX11 is not expressed in normal lymphoid cells, its DNA hypermethylation in 

some neoplasms lacking SOX11 expression is most likely functionally inert, and might 

be associated with reducing epigenetic plasticity in tumor cells (Gal-Yam et al., 2008). 

We also show that de novo SOX11 expression is associated with aggressive lymphoid 

malignancies like MCL, some ALL subtypes and a fraction of BL cases, being this 

effect mediated by a switch between active and repressive histone marks. Furthermore, 

as SOX11 is strongly expressed in ESCs, our data suggest that SOX11 expression could 

be associated with the acquisition of stem cell-like chromatin features, as previously 

proposed (Martin-Subero et al., 2009b).  

At the mechanistic level, additional studies are required to elucidate which is the 

functional role of the illegitimate SOX11 expression in lymphoid neoplasms, and which 

upstream transcription factors and histone modifying enzymes are involved in this 

phenomenon.  

NGS technology emerging in the last years has led to a better understanding of disease 

pathogenesis (Rossi et al., 2013). A recent study using a RNA-sequencing approach in 

DLBCL and FL identified an enrichment of somatic mutations affecting genes involved 

in transcriptional regulation and, more specifically, chromatin modification (Morin et 

al., 2011). MLL2, which encodes a histone methyltransferase, and MEF2B a calcium-

regulated gene that cooperates with CREBBP and EP300 in acetylating histones, were 

found as the most frequent mutated genes in the series analyzed (Morin et al., 2011). 

These data have raised the hypothesis that disruption of chromatin biology might have a 

pivotal role in lymphomagenesis. Thus, a genetic alteration in the gene encoding an 

'epigenetic enzyme' may lead to broad-spectrum changes within the epigenome, which 

could affect several targets, for instance if these changes cause the de novo expression 

of an oncogene then cancer may arise. NGS approach in MCL could be serving as a 

powerful tool to discover novel genetic alterations in this complex disease and provide 



                                                                                                                                                                        Discussion 

208 

new insights into epigenome landscape which could explain such aberrant changes in 

gene expression, including SOX11.  

4.2. Paper II 

SOX11 is a new oncogene in MCL 

Several recent reports have identified SOX11 as a reliable biomarker of MCL since it is 

expressed in ~90% of MCL (Mozos et al., 2009; Dictor et al., 2009). SOX11 is very 

specific for MCL as it is expressed at lower levels in a subgroup of BL and ALL, but 

not in other lymphoid neoplasms. SOX11 expression confers the cells a more aggressive 

behavior as indolent variant of MCL and normal B-cells lack the expression of this 

transcription factor. All these observations led to the hypothesis that SOX11 has a 

pivotal role in the biology of MCL and could play an oncogenic role in the pathogenesis 

of this disease. 

In paper II, we investigated target genes and oncogenic pathways responsible for B-cell 

transformation and the aggressive clinical course typically associated with SOX11-high 

MCLs.  

Towards this goal, after a precise characterization of the specificity of SOX11-antibody, 

we first used a ChIP-chip approach to reveal the first human genome-wide promoter 

analysis of SOX11 and uncovered 1133 unique genes as putative targets of this 

transcription factor in MCL. Furthermore, we analyzed gene expression changes 

associated with SOX11 short hairpin RNA knockdown to establish the specific role of 

SOX11 in the control of expression in MCL. GEP identified 366 genes whose 

expression was modulated by silencing SOX11 in MCL cell lines. Gene Ontology 

analyses showed that genes regulated by SOX11 in these lymphoid cells were involved 

in lymphocyte activation and differentiation, phosphorylation, cell cycle, immune 

system development, hematopoiesis, and lymphoid organ development as the top 

annotated functions, but also in stem cell development, apoptosis, and cell migration. 

The role of different members of the SOX gene family, including SOX11, as direct 

regulators of differentiation program of early neural lineage development has been 

recently recognized in a murine model (Bergsland et al., 2011). Our ChIP-chip study 

confirmed that SOX11 occupied promoter sequences of target genes similar to those 

found in neuronal development (BTG2, MEIS1, and NR2E1), but these genes were not 
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expressed in our lymphoid model, indicating the tissue-specific regulation of the 

SOX11-bound genes.  

In our study, the main target genes modulated by SOX11 were involved in immune 

system development and hematopoiesis. PAX5, MSI2, and HSPD1 were among the 

most significant genes directly regulated by SOX11. Using Gene Set Enrichment 

Analysis (GSEA), we observed that SOX11 knockdown in MCL cells results in 

upregulation of gene expression signatures associated with plasma cell differentiation 

while suppressing the genetic programs characteristic of B-cells. Furthermore, PAX5, a 

key transcription factor strictly required for the establishment of B-cell identity and a 

major negative regulator of plasma cell differentiation, emerged as one of the most 

significant target genes upregulated by SOX11 in MCL.  

We further validated the direct binding of SOX11 to the regulatory region of PAX5 by 

ChIP-qPCR in two SOX11-expressing MCL cell lines. We also verified the 

transcriptional effect of SOX11 on PAX5 promoter using a luciferase assay, 

demonstrating the specificity of SOX11 in regulating the transcription of PAX5 over the 

homologous protein SOX4 and mutant variants of the SOX11 protein lacking HMG or 

TAD. Consistently, constitutional expression of SOX11 in these tumors maintains the 

downstream PAX5 program. Thus, several B-cell specific genes directly activated by 

PAX5 were downregulated in SOX11-knockdown MCL cell lines, whereas BLIMP1 

was upregulated upon SOX11 repression. Furthermore, the slight upregulation of 

XBP1(u) variant and immunophenotypic changes leading to downregulation of specific 

B-cell surface markers (CD20, CD24, IgD and IgM) in Z138 SOX11-silenced cells 

compared with control cells, confirmed that SOX11 downregulation is able to initiate 

the terminal B-cell differentiation process but is not sufficient to drive the full plasma 

cell program.  

SOX11 is constitutively overexpressed in the vast majority of MCLs (Ek et al., 2008; 

Dictor et al., 2009; Mozos et al., 2009). However, recent studies have identified a subset 

of SOX11-negative MCLs that differs from conventional SOX11-positive tumors in 

their frequent hypermutated IGHV, leukemic, non-nodal presentation and more indolent 

clinical behavior (Orchard et al., 2003; Fernandez et al., 2010; Ondrejka et al., 2011; 

Navarro et al., 2012).  
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To investigate the potential tumorigenic ability of SOX11 in vivo, we studied the effect 

of SOX11 depletion in a MCL-xenotransplant model by inoculating CB17-SCID mice 

with three stably transduced shSOX11 MCL cell lines. Interestingly, we observed 

significative reduction in tumour growth in mice bearing silenced cells compared to 

scramble controls. We also observed PAX5 downregulation and BLIMP1 upregulation 

in immunohistochemical sections derived from SOX11-silenced tumors compared to the 

SOX11 positive control tumors. Moreover, we observed that SOX11-silenced tumors 

displayed large necrotic areas with high levels of activated cleaved caspase-3 that were 

minimal or not observed in SOX11-positive tumors. These results suggest that SOX11 

sustains the B-cell differentiation program and tumor cell survival in vivo and support 

the implication of SOX11 expression in the aggressive behavior of these tumors. 

One of the most important hallmarks of paper II is its potential clinical impact. We 

highlighted the relevance of our findings by integrative analyses of SOX11 shRNA 

knockdown induced signatures with those derived from a panel of 38 well-characterized 

MCL clinical samples (22 SOX11-negative and 16 SOX11-positive cases). We 

confirmed that the gene signatures modulated upon SOX11 silencing in vitro were also 

enriched in primary MCLs, indicating that our cell line model closely reflects the in vivo 

situation. Consistently, SOX11-positive MCL signatures were enriched in B-cell vs 

plasmablast and PAX5 activated gene sets, whereas the SOX11 negative MCL program 

was characteristically enriched in plasmablast-associated transcripts. However, the 

downregulation of SOX11 in both the in vitro model and primary tumors is not 

sufficient to trigger a mature plasma cell program. 

These results, together with the observation that some histological examinations showed 

signs of focal plasmacytic differentiation and downregulation of B-cell markers 

expression in SOX11-negative tumors, reinforce the idea that these tumors may 

modulate the mature B-cell and plasmacytic differentiation programs. Conversely, 

SOX11 overexpression in aggressive MCL may block the cells in a mature B-cell stage, 

preventing their further differentiation.  

The resistance of MCL to new treatments with proteasome inhibitors has been linked to 

the development of plasmacytic differentiation, suggesting that the findings in our study 

may also have implications in the design of new therapeutic strategies (Perez-Galan et 

al., 2011).  
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A common viewpoint is that the different types of mature B-cell lymphomas are 

blocked in a specific B-cell stage. We proposed a hypotetical model which can suggest 

a probable explanation about clinical heterogenity observed among SOX11-positive and 

SOX11-negative MCLs. The naive B-cell carrying the t(11;14) colonizes the mantle 

zone of the lymphoid follicle and generates an in situ MCL lesion. Most MCLs evolve 

from these cells in the marginal zone with no or limited IGHV somatic mutations and 

SOX11 expression. SOX11 overexpression in conventional MCL may block the cells in 

a mature B-cell stage, preventing their further differentiation through the SOX11-

PAX5-PRDM1/BLIMP regulatory axis. Alternatively, some cells with the t(11;14) and 

lacking expression of SOX11 may enter the germinal center and undergo IGHV somatic 

hypermutation. SOX11 may modulate the mature B-cell and early plasma cell 

differentiation program in MCL (Figure 2).  

 
Figure 2. Hypothetical models of SOX11-positive vs SOX11 negative MCL. Modified from 
(Ferrando, 2013) 
 

Mainly, SOX11 exerts its pathogenic role in MCL by maintaining constitutive 

expression of PAX5 and its downstrean pathway, preventing PAX5 downregulation, 

that is necessary to initiate the plasma cell differentiation program (Nera et al., 2006).  

There has not been described any lymphopoietic function of SOX11 to date as it is not 

expressed in lymphoid progenitors or in mature normal B-cells. Conversely, SOX4, the 

SOX family member with the highest homology to SOX11, has an essential role in B-

cell lymphopoiesis. Further studies will be needed to investigate whether there is a 
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physiologic counterpart of MCL-assosiated SOX11-PAX5-BLIMP1 axis in normal B-

cells and which are the SOX factors acting upstream of this putative physiological 

pathway.  

The significance of blocking plasma cell differentiation program as a relevant 

oncogenic mechanism in lymphoid neoplasias has been previously observed. The 

impairment of terminal B-cell differentiation caused by SOX11 overexpression in MCL 

may parallel the forced expression of PAX5 by the t(9;14)(p13;q32) translocation 

identified in some B-cell lymphomas (Busslinger et al., 1996; Iida et al., 1996; Morrison 

et al., 1998), and the inactivating mutations of PRDM1 in DLBCL (Mandelbaum et al., 

2010; Tam et al., 2006; Pasqualucci et al., 2006). 

The significant reduction on tumor growth of the SOX11-silenced cells in the xenograft 

experiments is consistent with the indolent clinical course of the non-nodal SOX11-

negative primary MCL and highlights the implication of SOX11 expression in the 

aggressive behavior of conventional MCL. These results demonstrate a pivotal role of 

SOX11 in the growth of MCLs in vivo suggesting its oncogenic role in the pathogenesis 

of classic MCL. Our hypothesis is that MCL pathogenesis is due to the combination of 

the deregulation of the cell proliferation by t(11;14) and cyclin D1 overexpression in 

early stages of the disease and the block of B-cell differentiation in a mature B-cell 

stage, preventing their further differentiation through the SOX11-PAX5-BLIMP1 

regulatory axis (Figure 3).  

 
Figure 3. MCL Pathogenesis between a push of proliferation and blocking differentiation. 

 

We identified the global transcriptional network and direct target genes regulated by 

SOX11 in MCL that may contribute to the development and the aggressive behavior of 
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this tumor. Our findings provide an improved understanding of the molecular 

mechanisms contributing to the pathogenesis of MCL and may have clinical 

implications in the diagnosis of patients and selection of therapeutic strategies more 

adapted to the molecular diversity of this tumor. 

We described for the first time the oncogenic role of SOX11 in MCL. The expression of 

SOX11 in cancer was broadly described, however its function had not yet been 

investigated to date. High levels of SOX11 expression were detected in glioblastoma 

and ephitelial ovarian cancer and associated with a good prognosis in both tumors 

(Korkolopoulou et al., 2013; Brennan et al., 2009; Sernbo et al., 2011), suggesting its 

role as a tumor suppressor gene. In particular, SOX11 acts as tumor suppressor gene in 

glioma blocking tumorigeneis by inducing neuronal differentiation (Hide et al., 2009). 

The significance of SOX11 prognostic value in MCL remains under debate. Some 

studies have identified SOX11-negative MCLs with aggressive behavior but virtually 

all these cases have TP53 alterations (Royo et al., 2012; Navarro et al., 2012; Nygren et 

al., 2012). SOX11 negative MCLs with an aggressive behavior  (Nygren et al., 2012) 

may correspond to a progressed or transformed stage with generalized 

lymphadenopathy of SOX11-negative tumors, suggesting that this phenotype may have 

an indolent phase and eventually some of the tumors could progress with a generalized 

lymphadenopathy and aggressive behavior (Jares et al., 2012).  

Nearly all SOX11 positive MCLs are associated with poor prognosis (Royo et al., 

2012), and in this thesis we have deciphered the structure of the SOX11-controlled 

oncogenic network in MCL. We have also demonstrated that aberrant de novo 

expression of SOX11 occurs in MCL, due to a switch of histone marks from inactive to 

active profile. SOX11-positive MCLs acquire epigenetic features similar to embryonic 

stem cell. Further studies will be needed to study a putative correlation between stem 

cell features and MCL cells. Recently, SOX11 expression was also described in breast 

cancer with poor prognosis and associated with embryonic mammary gene that could 

explain the aggressive phenotype in this type of tumor (Zvelebil et al., 2013). It is 

possible that SOX11 gene has different effects on tumor cells depending on the context 

and primary transformation mechanism. Further studies will be needed to clarify the 

specific mechanisms mediating the antilymphoma effect of SOX11 inactivation in MCL 

and which are the upstream mechanisms associated to such deregulation of B-cell 

differentiation. 
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5. CONCLUSIONS 

1. SOX11 is highly expressed in ESC but it loses its expression in adult progenitor 

cells, including normal hematopoietic cells, suggesting that SOX11 expression in 

MCL could be associated with the acquisition of stem cell-like chromatin features in 

tumor cells. 

2. SOX11 is expressed in some subtypes of ALLs (TEL-AML1-positive or with E2A 

rearrangements), MCLs and part of BL, but not in any other lymphoid neoplasias, 

including the indolent variant of MCL. 

3. SOX11 is silenced in all cases showing methylation, although a wide range of 

samples, from normal cells to lymphoid neoplasms, are also silenced in spite of an 

unmethylated status of their SOX11 promoter. This result suggests that DNA 

methylation does not seem to represent a mechanism leading to de novo SOX11 

repression in lymphoid neoplasms.  

4. As SOX11 is not expressed in normal lymphoid cells, the DNA promoter 

hypermethylation in some neoplasms lacking SOX11 expression is most likely 

functionally inert, and might be associated with reducing epigenetic plasticity in 

tumor cells.  

5. SOX11 de novo expression is associated with aggressive lymphoid malignancies 

like MCL, some ALL subtypes and a fraction of BL cases, being this effect 

mediated by a switch between inactivating and activating histone modifications. 

6. Direct target genes and transcriptional programs regulated by SOX11 in MCL were 

deciphered combining chromatin immunoprecipitation microarray analysis and gene 

expression profiling upon SOX11 knockdown. The main pathogenic mechanism 

regulated by SOX11 includes the block of mature B-cell differentiation in MCL. 

7. SOX11 silencing downregulates PAX5, induces BLIMP1 expression and promotes 

the shift from a mature B-cell into the initial plasmacytic differentiation phenotype 

in MCL cell lines. 

8. The gene signatures modulated upon SOX11 silencing in vitro were also enriched in 

primary MCLs, indicating that our cell line model closely reflects the in vivo 

situation. 



                                                                                                                                                      Conclusions 

216 

9. SOX11 overexpression in conventional MCL cases may block the cells in a mature 

naive stage, preventing their further differentiation through the SOX11-PAX5-

PRDM1/BLIMP1 regulatory axis. Alternatively, some cells with t (11;14) lacking 

SOX11 expression may enter the germinal center and undergo IGHV somatic 

hypermutation. 

10. SOX11 promotes tumor growth of MCL in a xenotransplant model sustaining the B-

cell differentiation program and tumor cell survival in vivo, indicating its 

implication in the aggressive behavior of this tumor. 

11. SOX11 is a new oncogene in MCL, therefore its silencing might represent a suitable 

strategy for therapeutic intervention. 
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8. APPENDIX 

Appendix I 

Leukemia. 2012 Aug;26(8):1895-8 

Non-nodal type of mantle cell lymphoma is a specific biological and clinical 

subgroup of the disease. 

Royo C, Navarro A, Clot G, Salaverria I, Giné E, Jares P, Colomer D, Wiestner A, 

Wilson WH, Vegliante MC, Fernandez V, Hartmann EM, Trim N, Erber WN, 

Swerdlow SH, Klapper W, Dyer MJ, Vargas-Pabón M, Ott G, Rosenwald A, Siebert R, 

López-Guillermo A, Campo E, Beà S. 

 

Mantle cell lymphoma (MCL) is an aggressive B-cell neoplasm with a median survival 

of the patients of 3–5 years. This aggressive behavior has been related to its genetic and 

molecular pathogenesis that integrates the deregulation of cell proliferation due to the 

t(11;14)(q13;q32) and cyclin D1 overexpression, and the accumulation of a high 

number of chromosomal aberrations mainly targeting genes related to DNA damage 

response and the cell survival pathways. Thus, it is usually recommended that patients 

with MCL should be treated with chemotherapeutic regimens immediately following 

their diagnosis. However, this attitude is being reconsidered, due in part to the 

increasing recognition of subsets of patients that do not need therapy for a long period 

of time and the observation that deferral of treatment does not seem to impair their 

global outcome. The identification of asymptomatic patients at diagnosis that may 

benefit from initial watch and wait approach is challenging because some studies have 

shown that intensive treatment may improve the survival of patients with MCL. 

Therefore, it is of paramount importance to develop clinical and biological criteria that 

may assist in the selection of the optimal individual management for patients with 

MCL. 
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Appendix II 

Cancer Res. 2012 Oct 15;72(20):5307-16 

Molecular subsets of mantle cell lymphoma defined by the IGHV mutational status 

and SOX11 expression have distinct biologic and clinical features.  

Navarro A, Clot G, Royo C, Jares P, Hadzidimitriou A, Agathangelidis A, Bikos V, 

Darzentas N, Papadaki T, Salaverria I, Pinyol M, Puig X, Palomero J, Vegliante MC, 

Amador V, Martinez-Trillos A, Stefancikova L, Wiestner A, Wilson W, Pott C, 

Calasanz MJ, Trim N, Erber W, Sander B, Ott G, Rosenwald A, Colomer D, Giné E, 

Siebert R, Lopez-Guillermo A, Stamatopoulos K, Beà S, Campo E. 

 

Mantle cell lymphoma (MCL) is a heterogeneous disease with most patients following 

an aggressive clinical course, whereas others having an indolent behavior. We 

conducted an integrative and multidisciplinary analysis of 177 MCL to determine 

whether the immunogenetic features of the clonotypic B-cell receptors (BcR) may 

identify different subsets of tumors. Truly unmutated (100% identity) IGHV genes were 

found in 24% cases, 40% were minimally/borderline mutated (99.9%-97%), 19% 

significantly mutated (96.9%-95%), and 17% hypermutated (<95%). Tumors with high 

or low mutational load used different IGHV genes, and their gene expression profiles 

were also different for several gene pathways. A gene set enrichment analysis showed 

that MCL with high and low IGHV mutations were enriched in memory and naive B-

cell signatures, respectively. Furthermore, the highly mutated tumors had less genomic 

complexity, were preferentially SOX11-negative, and showed more frequent non-nodal 

disease. The best cut-off of germline identity of IGHV genes to predict survival was 

97%. Patients with high and low mutational load had significant different outcome with 

5-year overall survival (OS) of 59% and 40%, respectively (P = 0.004). Nodal 

presentation and SOX11 expression also predicted for poor OS. In a multivariate 

analysis, IGHV gene status and SOX11 expression were independent risk factors. In 

conclusion, these observations suggest the idea that MCL with mutated IGHV, SOX11-

negativity, and non-nodal presentation correspond to a subtype of the disease with more 

indolent behavior. 
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Appendix III 

Clin Cancer Res. 2013 Jun 15;19(12):3121-3129 

microRNA Expression Profiles Identify Subtypes of Mantle Cell Lymphoma with 

Different Clinicobiological Characteristics. 

Navarro A, Clot G, Prieto M, Royo C, Vegliante MC, Amador V, Hartmann E, 

Salaverria I, Beà S, Martín-Subero JI, Rosenwald A, Ott G, Wiestner A, Wilson WH, 

Campo E, Hernández L. 

 

PURPOSE:  

MicroRNAs (miRNA) are posttranscriptional gene regulators that may be useful as 

diagnostic and/or prognostic biomarkers. We aim to study the expression profiles of a 

high number of miRNAs and their relationship with clinicopathologic and biologic 

relevant features in leukemic mantle cell lymphomas (MCL). 

EXPERIMENTAL DESIGN:  

Expression profiling of 664 miRNAs was investigated using a high-throughput 

quantitative real-time PCR platform in 30 leukemic MCLs. Statistical and bioinformatic 

analyses were conducted to define miRNAs associated with different clinicopathologic 

parameters. Gene expression profiling was investigated by microarrays in 16 matching 

cases to study the potential genes and pathways targeted by selected miRNAs. The 

prognostic value of miR-34a was investigated in 2 independent series of 29 leukemic 

and 50 nodal MCLs. 

RESULTS:  

Robust consensus clustering defined 2 main MCL subgroups with significant 

differences in the immunoglobulin (IGHV) mutational status, SOX11 expression, 

genomic complexity, and nodal clinical presentation. Supervised analyses of IGHV and 

SOX11 categories identified 17 and 22 miRNAs differentially expressed, respectively. 

Enriched targets of these miRNAs corresponded to relevant pathways in MCL 

pathogenesis such as DNA stress response, CD40 signaling, and chromatin 

modification. In addition, we found 7 miRNAs showing prognostic significance 

independently of IGHV status and SOX11 expression. Among them, miR-34a was also 
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associated with poor prognosis in 2 independent series of leukemic and nodal MCL, and 

in cooperation with high expression of the MYC oncogene. 

 

 



 

 

 



 

 

 


